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Summary 
Rice is the most important food crop in Asia. However, rice production in Asia is 
facing tremendous challenges in the 21st century. Fast-growing populations are demanding 
larger rice supplies under the increasingly difficult production conditions of declining water 
availability and quality. Furthermore, rice cultivation produces large amount of rice 
residues. With currently increasing trends in cropping intensity, the amounts of residues 
that are burned on the field are expected to increase dramatically, unless crop residues are 
managed more sustainably. Comparative research on the effects of different water and rice 
residue management practices on nutrient balances and greenhouse gas emissions are 
needed. They will provide information on the environmental and agronomic consequences 
of choices in rice residue management practices, including direct incorporation of rice 
residues into the soil, application of rice-residue compost, burning of rice residues on the 
field, and use of rice residues as fodder for livestock. The outcome of such studies can then 
be used to find the best option for rice residue management.  
In a survey of rice residue management in northern Vietnam, we examined the 
present cropping systems and the patterns of crop residue management prevalent in three 
different ecological zones of northern Vietnam. We compared the farmers’ practices of 
either burning or incorporating the residues of their rice crops, and furthermore, calculated 
involved costs and benefits. Our data demonstrate that the burning of crop residues might 
be an erroneous trend from an ecological perspective, but is rational from an economic point 
of view. Based on this finding, we argue that a change of the prevalent burning practice 
cannot be achieved without the farmers getting their extra expenses refunded.   
A field study was therefore conducted to quantified soil nutrient balances of paddy 
rice fields under different crop-residue management practices in northern Vietnam. All plots 
received mineral N, P, and K fertilizer in addition. We found that soils with (1) direct 
incorporation of rice residues into the soil, (2) application of rice-residue compost, and (3) 
burning of rice residues on the field showed a positive nutrient balance, which indicates that 
soil fertility can be maintained under these practices and that amounts of chemical fertilizers 
can be considerably reduced. Without fertilizers reduction, there is a risk of eutrophication 
in surrounding surface waterbodies. In contrast, use of rice residues as fodder for livestock, 
resulted in a negative nutrient balance in paddy soils, which indicates the need for returning 
nutrients to the soils. From these findings, we conclude that knowledge about the effects of 
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rice-residue management practices on nutrient cycles may help to optimize the use of 
fertilizers, resulting in a more sustainable form of agriculture in northern Vietnam. 
Silicon (Si) is known to have beneficial effects for plants, in particular for rice, which 
is a strong Si accumulator. It helps mitigate environmental stresses and soil nutrient 
depletion. In some regions plant available Si in soil might be limited and have detrimental 
effect on rice agriculture. Here we study the impact of three rice residue management 
practices (burying, burning and manure production for use on the field) in Si-depleted rice 
fields from northern Vietnam. The different Si reservoirs in soils and the plants Si content 
were measured under these different practices. Our results show a strong correlation 
between the different soil Si reservoirs and plants Si content. Our results show no significant 
difference between the different management practices in terms of Si bio-availability and 
Si uptake by plants. These new data also suggest also raise the question whether Si-depleted 
environment may proportionally lose Si faster through grain harvest than other less Si-
depleted environment. 
In order to compare the fluxes of methane (CH4) and Nitrous oxide (N2O) from rice 
paddy fields managed by differently treated crop residue inputs (direct incorporation of rice 
residues into the soil (I), application of rice-residue compost (CR), burning of rice residues 
on-site burning of rice residues (B)) under two water management systems, a field 
experiment was performed in Bac Giang Province in northern Vietnam. The field 
experiment was carried out on spring rice and summer rice seasons. The results indicate that 
water management is a major factor in reducing CH4 emissions. The alternate wetting and 
drying (AWD) management led to a reduction of CH4 emissions by 15-42% for the CR 
treatment, by 27-47% for the B treatment, and by 36-45% for the I treatment. Similarly, 
AWD management resulted in a reduction of global warming potential (GWP) by 16-36% 
(CT), 15-39% (CR), 27-40% (B), and 35-40% (I), respectively. The treatment I led to the 
highest CH4 emissions, while the control (CT) showed the lowest CH4 emissions under both 
water management systems. Rice yields were slightly higher for treatments including with 
mineral and organic fertilizers compared to only mineral fertilizer (CT). In conclusion, we 
recommend a combination of treatment I with AWD water management, as this 
combination resulted in reduced greenhouse gas emissions while ensuring high rice yields. 
Key words: Agricultural, Crop residues, Fertilizers use, Mitigation of methane emissions, 
Nutrient balance, Smallholder, Vietnam, Water management.  
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Chapter 1 
1.1 General introduction 
Rice is the most important food crop in Asia. In Vietnam, annual rice consumption 
amounts to 150-200 kg per capita, providing 60% of protein and 50-70% of calories of the 
dietary intake [1]. Furthermore, Vietnam is one of the largest rice producers and exporters 
in the world. Ninety percent of the arable land in Vietnam is used for rice cultivation, which 
corresponds to 11.5 million ha, with a median landholding size of 0.65 ha [2]. As such, 
smallholders are the backbone of the country’s agriculture. 
The cultivation of rice involves the accruement of large amounts of straw and stalk. 
On average, one hectare of rice generates about five tons of residues, equaling to 
approximately 39 million tons per year [3]. Traditionally, rice farming by-products were 
removed from the fields to be applied as cooking fuel and fodder for ruminants, and after 
composting, as organic fertilizer. Unfortunately, this form of rice residue management has 
changed in Vietnam in recent times, as it has in many other Asian countries. Today, an 
increasing proportion of crop residues is burned in the field directly after  harvesting [4–6]. 
This practice depletes valuable nutrients such as nitrogen (N), phosphorus (P), and 
potassium (K), and exhausts soils of organic matter [7–9]. Soil nutrient degradation as a 
result of crop residue burning can be characterized by a decreased nitrate (NO3) content of 
46%, declined N uptake by 29%, and crop yields of only 39% of the possible yield as 
compared to soils with non-removed crop residues [10]. The burning of rice residue leads 
to greenhouse gas emissions such as carbon mono- and dioxide (CO, CO2), nitrous oxide 
(N2O), sulfur dioxide (SO2), and nitrogen oxides (NOx). For instance, burning 1 ton of rice 
straw releases 3 kg of particulate matter, 60 kg of CO, 1460 kg of CO2, 2 kg of SO2, and 
199 kg of ash [11], which negatively affects not only the climate but also the human health 
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in rural communities, as it causes severe respiratory diseases [12, 13]. In summary, these 
research findings show that burning of rice residue often leads to negative nutrient balance 
and potentially causes pollution. 
To solve these problems, incorporation of rice residues into the soil is recommended 
in Vietnam. Incorporation of crop residues into the soil has the potential to increase crop 
yields and reduce the need for chemical fertilizers. As such, crop residues may serve as a 
potential partial substitute for mineral fertilizers in agriculture [14–17]. Unfortunately, 
relatively little research has been published on the effect of rice residue management 
practices on the involved costs and benefits, and the associated changes that will occur in 
the nutrient flows of farms in Vietnam with and without incorporation of rice residue. 
Therefore, a field survey was conducted to determine whether financial benefits arise to 
farmers when rice residues are incorporated into their fields instead of being burned. Our 
purpose was to see, if there is an economic incentive for farmers to change their residue 
management practices from burning to burying, which would have a positive effect on soil 
health, human health and the climate. Based on our findings, policy recommendations are 
formulated that best fit the economic conditions of smallholder rice farmers in Vietnam. 
Vietnam relies heavily on the import of mineral fertilizers. In the case of K fertilizer, 
100% is imported. In 2017, Vietnam imported 4.64 million tons chemical fertilizers at an 
estimated cost of 1.23 billion US$ [18]. From 1992 to 2015, the average amount of total N, 
P, and K applied in agricultural production in Vietnam doubled. At the same time, fertilizer-
use efficiency was low, resulting in the loss of several hundreds of millions of US dollar 
annually for the economy and causing eutrophication and greenhouse gas emissions [18–
20]. Against this background, the use of readily available, cost-efficient and domestically 
produced organic fertilizer, such as crop residues, may reduce the need of costly imported 
 
 
3 
 
mineral fertilizers and improve the national trade balance [21, 22]. This would also increase 
farmers’ net income by reducing their investment for mineral fertilizers [21, 23]. Soil 
nutrient balances are the overall net result of the various nutrient fluxes of a farming system 
[24, 25]. Nutrient balances have been quantified in Asia and Africa [26–29]. However, these 
studies focused on urban agriculture and aquaculture but not on rice-farming systems. 
Moreover, most of the studies were limited to one year of observation, thus capturing only 
short-term effects, which limited the possibility to quantify the main factors that control 
element balances. Therefore, we studied on rice-residue management practices of 
smallholder farms in Vietnam and their effects on nutrient fluxes in the soil-plant system. 
In this study we analyzed the relationship between crop-residues management practice and 
nutrient flow in the soil-plant system in paddy fields. The aim of the study was to evaluate 
the potential of crop-residues management to contribute to a more sustainable agriculture 
in Vietnam in the future.  
Silicon (Si) is now broadly recognized as a beneficial substance for plants and a 
quasi-essential nutrient [30, 31]. Many studies highlight its strong beneficial effects for a 
variety of plants, particularly under stressful conditions. Si can enhance plant resistance in 
a large variety of circumstances, which includes for example nutrient depletion, drought 
stress, pathogens and pest attacks. Evidence suggests multiple combined effects of Si rather 
than one single effect [32]. The fundamental functioning of these beneficial effects is, 
however, far from being understood and is still subject for debate [33]. This beneficial effect 
of Si has been particularly studied for rice due to both its importance as a food source and 
its strong tendency to accumulate Si. The quantity of Si taken up and accumulated by plants 
varies according to the species [34]. Rice straw residue management practices may also 
have an influence on the bio-availability of Si in rice fields [35, 36]. Si cycle and Si bio-
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availability in rice agriculture have already been the subject of several articles [37, 38]. 
These studies showed evidence of a strong Si limitation in local rice agriculture, with a 
possible impact on yields. These studies also emphasized the importance of recycling crop 
residues for the Si supply to paddy rice in the area, and in regions with low Si availability 
in general. They pointed to the lack of knowledge on the effect of agricultural practices, in 
particular straw management, on Si availability and called for more studies. However, most 
studies focused on comparing the impact straw export with straw residues fertilization. To 
the best of our knowledge, no study specifically focused on comparing the efficiency of 
different crop residue management practices in regards to Si recycling. 
Rice production in Asia is facing tremendous challenges in the 21st century. The fast-
growing population is demanding larger rice supplies under the increasingly difficult 
production conditions of declining water availability and quality [1, 39, 40]. Rice cultivation 
accounts for nearly 20% of global anthropogenic methane (CH4) emissions [41], whereby 
the magnitude of CH4 emissions depends on organic matter application, soil organic matter 
(SOM) contents, and anaerobic soil conditions [42–45]. Another greenhouse gas (GHG) 
emissions is nitrous oxide (N2O). Emissions of N2O from paddy soils depend on soil 
nitrogen (N) stocks and quality, and on water management [46, 47]. Carbon dioxide (CO2) 
fluxes are a source of GHG emissions, too, but at global scale they are estimated to 
contribute less than 1% to the global warming potential (GWP) of agriculture [48]. Vietnam 
is one of the largest rice producers and exporters in the world, with more than seven million 
hectares of paddy rice [49]. Paddy rice production is the largest source of GHG emission in 
Vietnam’s agriculture, contributing about 44.7 Tg CO2 equivalents, accounting for more 
than 50% of the total agricultural GHG emissions [50]. Paddy rice fields have a high 
potential to emit CH4, because flooding leads to anaerobic CH4 production [51]. Especially 
the combination of organic resource fertilizer application, the nitrogen and water 
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management by flooding in paddy rice generating high GHG emissions. Hence, there is a 
conflict between irrigation water management, rice residue management and GHG 
emissions in rice production. 
 Vietnamese farmers have been  using organic fertilizer  for a long time [52, 53]. 
Organic fertilizers not only supply macro-nutrient as N, P, and K but also micronutrients 
that are not contained in commercial chemical NPK fertilizers [54, 55]. Moreover, organic 
fertilizers help improving soil fertility by increasing cation exchange capacity (CEC) and 
soil organic carbon (SOC) content. However, there is a decreasing trend of organic fertilizer 
application [53, 56, 22, 22]. Farmers would prefer to apply more organic fertilizers, 
especially to rice, maize, and peanuts, but  the amounts of organic fertilizers produced on 
their own farms is not enough to supply their fields [22, 57, 57, 57], as revealed by 
interviews that we carried out in 2015 Ourselves(obtained 2015, unpublished). This decline 
of organic fertilizers is related to (1) a decrease in the availability of manure from pig farms, 
because most of the pig manure in northern Vietnam is nowadays used for biogas production, 
(2) insufficient knowledge of farmers about the management of manure in an efficient and 
at the same time environmentally sustainable way [58], and (3) the ready availability of 
chemical fertilizers that seem to provide an easy substitution of manure [59].  
As a common practice in paddy rice cultivation in Vietnam, the paddy fields are 
continuously flooded Water apply continuously throughout the growing season, which is a 
common practice in Vietnam [60]. Alternate wetting and drying (AWD) is a water-saving 
technique that has been developed for rice cultivation in Asia [39, 61]. By this practice, the 
amount of water can be reduce by 30–40% compare to the conventional continuous flooding 
(CCF) without adversely affecting their yields and/or profitability [62]. Furthermore, 
application of AWD does not only reduce CH4 emissions but also increases in rice yields 
compared to CCF [63–65].  
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However, there has been little research to date on the effect of different rice residue 
management practices, as open burning on the field, application of composted rice residues, 
direct incorporation of rice residues into the soil on CCF and AWD under water 
management. Therefore, we conducted a field experiment to determine the effects of 
different rice residue management practices and water management on rice yields and GHG 
emissions from paddy rice fields on smallholder farms in norther Vietnam.  
We hypothesized that incorporation of rice residues or composted of rice residues in 
combination with AWD can reduce CH4 emissions without increasing N2O emissions. The 
benefit of AWD is the reduction in water use, whereas the advantages of rice residue 
incorporation compared to burning include the build-up SOC, soil N, P, K nutrition and the 
improvement of soil-water holding capacity, and bulk density.  
 
1.2 Objective 
The main objective of this study was to develop strategies for optimizing rice residue, 
water management for improving plant nutrition and reducing greenhouse gas. 
Therefore, I investigated the effects of different rice residue management options, 
including application of composted rice residues, burning of rice residues on the field, and 
direct incorporation of rice residues into the soil, with and without AWD water management, 
on plant nutrition as well as greenhouse gas emissions from the fields. The outcomes 
provide information on the environmental and agronomic consequences of choices made in 
rice residue management on smallholder farms and can consequently be used to identify the 
optimal rice residue management. 
The specific objectives were: 
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i) to investigate the current practices of rice residue management on smallholder farms in 
northern Vietnam, 
ii) to evaluate agricultural inputs and outputs of nitrogen, phosphorous, and potassium in 
different rice-residue management systems, and to identify potentials and problems in each 
of the crop-residue management systems with respect to the prospective potential of 
partially substituting imported chemical fertilizers by rice residues, 
iii) to assess how the different rice residue management practices affect the different soil Si 
pools in a system that is potentially Si-depleted, as rice is a Si accumulator and tropical soils 
are usually poor in Si, 
iv) to examine the effects of rice residue management (open burning on the field, application 
of composted rice residues, direct incorporation of rice residues into the soil) and water 
regimes (conventional continuous flood, alternate wetting and drying) on greenhouse gas 
emissions. 
 
1.3 Research questions 
 This research seeked to address the following questions: 
 What are currently the most common practices of rice residue management on 
smallholder farms in northern Vietnam? 
 What are the fertilizer values of different rice residue management practices 
(incorporation, application of composted rice residues, burning rice residues on the 
fields, using rice residues as fodder for cattle) when applied to rice in the field?  
 How does different rice residue management affect nutrient fluxes in the plant-soil 
system? 
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 What are the effects of different rice residue management on silicon-depleted soils 
and silicon bio-availability? 
 How does different rice residue management (incorporation, application of 
composted rice residues, burning rice residues) and water management affect on 
greenhouse gas emissions and rice yield? 
 
1.4 Overview of the study 
This dissertation comprises six chapters. Apart from the Introduction and Conclusion, 
the four main chapters are based on two papers and two manuscripts that have been 
published in or submitted to ISI-indexed journals. 
The six chapters include: 
Chapter 1: This chapter presents a basic background of the research. It gives an 
overall introduction of the research problems and specific objectives. 
Chapter 2: This chapter introduces the present rice-cropping systems and crop residue 
management practices prevalent in three different ecological zones of northern Vietnam. I 
compare the farmers’ practices of either burning or incorporating the residues of their rice 
crops, and furthermore, calculate involved costs and benefits. The burning of crop residues 
might be an erroneous trend from an ecological perspective, but is rational from an 
economic point of view. I argue that a change of the prevalent burning practice cannot be 
achieved without refunding the farmers for their extra expenses. 
Chapter 3: This chapter presents and discusses quantified soil nutrient balances of 
paddy rice fields under different crop-residue management practices in northern Vietnam. 
Soils under direct incorporation of rice residues into the soil and burning of rice residues on 
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the field practices showed a positive nutrient balance, which indicates that soil fertility can 
be maintained under these practices and that the amounts of chemical fertilizers can be 
considerably reduced. If not, there is a risk of eutrophication in surrounding surface 
waterbodies. Use of rice residues as fodder for livestock resulted in a negative nutrient 
balance, which stresses the need for returning nutrients to the soils. I conclude that 
knowledge about the effects of rice-residue management practices on nutrient cycles may 
help to optimize the use of fertilizers, resulting in a more sustainable agricultural practice. 
Chapter 4: This chapter presents and discusses the effects of three rice residue 
management practices (incorporation into the soil, burning and manure production for use 
on the field) in Si-depleted rice fields of northern Vietnam. We analyzed the different Si 
reservoirs in soils and plants under these different practices. The results show a strong 
correlation between the different soil Si reservoirs and plant Si contents. We found no 
significant difference between the different management practices in terms of Si bio-
availability and Si uptake by plants. 
Chapter 5: This chapter presents and discusses the effects of water and rice-residue 
management on greenhouse gas emissions and rice yields. The results indicate that water 
management is a major factor in reducing CH4 emissions. Alternate wetting and drying 
(AWD) management led to a reduction of CH4 emissions by 15-42% for the application of 
composted rice residues (CR) treatment, by 27-47% for the on-site burning of rice residues 
(B) treatment, and by 36-45% for the incorporation of rice residues into the soil (I) treatment. 
Similarly, AWD management resulted in a reduction of global warming potential (GWP) 
by 16-36% (CT), 15-39% (CR), 27-40% (B), and 35-40% (I), respectively. The treatment I 
led to the highest CH4 emissions, while the control (CT) showed the lowest CH4 emissions 
under both water management systems. Rice yields were slightly higher for treatments 
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including organic fertilizers compared to only mineral fertilizer (CT). In conclusion, we 
recommend a combination of treatment I with AWD water management, as this 
combination resulted in reduced greenhouse gas emissions while ensuring high rice yields. 
Chapter 6: This chapter summarizes the results obtained from Chapters 2 – 5 and 
answers the research questions listed in Chapter 1. Finally, I provide recommendations and 
point out future research directions. 
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Chapter 2 
 
This chapter is based on the published paper: Keck, M.; Hung, D. Burn or bury? A 
comparative cost–benefit analysis of crop residue management practices among 
smallholder rice farmers in northern Vietnam. Sustainability Science. 2019, 14 (2): 375–
389. 
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Abstract  
In Vietnam, approximately 39 million tons of rice (Oryza sativa) residues are produced 
every year. While a substantial quantity of these residues are used for animal feed, soil 
mulching, or fuel purposes, a large portion is burned on-farm. The burning of crop residues 
not only causes environmental pollution through greenhouse gas emissions adding to global 
warming but also results in the depletion of valuable nutrients such as nitrogen, phosphorus, 
and potassium. With current increasing trends in cropping intensities, the amounts of 
residues that are burned on the field are expected to increase dramatically, unless crop 
residues are managed more sustainably. In this study, we examine the present cropping 
systems and the patterns of crop residue management prevalent in three different ecological 
zones of Northern Vietnam. We compare the farmers’ practices of either burning or 
incorporating the residues of their rice crops, and furthermore, calculate involved costs and 
benefits. Our data demonstrate that the burning of crop residues might be an erroneous trend 
from an ecological perspective, but is rational from an economic point of view. Based on 
this finding, we argue that a change of the prevalent burning practice cannot be achieved 
without the farmers getting their extra expenses refunded. 
Keywords: Agricultural, Cost-benefit analysis, Crop residues, Economic incentives, 
Smallholder, Vietnam. 
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2.1 Introduction 
Rice (Oryza sativa) is the most important food crop in Vietnam. Annual rice 
consumption amounts to 150–200kg per capita per year, providing inhabitants with 60% of 
protein and 50–70% of calories from dietary intake [1]. Currently, Vietnam is one of the 
largest rice producers in Asia, ranking third among rice exporting countries following India 
and Thailand [1]. While two crop seasons are considered in northern Vietnam, in some 
southern regions, three seasons are possible due to climate conditions and extensive 
irrigation systems. With a median landholding size of 0.65 ha [2] , smallholders are the 
backbone of the country’s agriculture.  
On average, one ha of rice generates about five tons of waste, equating to approx. 39 
million tons of rice residue per year in Vietnam [3]. Traditionally, rice farming by-products 
were removed from fields to be applied as cooking fuel and fodder for ruminants, and 
following composting, as organic fertilizer. Unfortunately, this form of rice residue 
management has changed in Vietnam in recent times, as it has in many other Asian 
countries. Today, an increasing proportion of crop residues is burned in the field directly 
after paddy harvesting [4, 5]. 
In the last years, a significant body of literature has emerged addressing the negative 
environmental impacts of burning crop residues in the field [4–11] . This practice depletes 
valuable nutrients like nitrogen (N), phosphorus (P), and potassium (K), including depriving 
soils of organic matter [12–14] (12, 13, 14). Soil nutrient degradation as a result of crop 
residue burning can be characterized by a decreased nitrate (NO3) content of 46%, declined 
N uptake by 29%, and crop yields of only 39% of the possible yield as compared to soils 
with non-removed crop residues[15]. (2) The burning of crop residues decreases the soil’s 
microbial population involved in nitrification [15]. In the surficial 2.5cm of the soil, single 
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burning activities lead to a slight decrease of bacterial and fungal populations, whereas 
repeated burning practices may diminish bacterial populations by more than 50%. (3) The 
burning of crop residues immediately increases the exchangeable ammonium (NH4+-N) and 
bicarbonate-extractable P content so that, ultimately, no nutrients can be built up in the 
profile [16]. (4) The burning of agricultural residues leads to greenhouse gas emissions like 
methane (CH4), carbon mono- and dioxide (CO, CO2), nitrous oxide (N2O), sulfur dioxide 
(SO2), and nitrogen oxides (NOx). For instance, burning one ton of rice straw releases 3 kg 
of particulate matter, 60 kg of CO, 1460 kg of CO2, 2 kg of SO2, and 199 kg of ash (6), 
which affects not only the climate, but also the human health in rural communities 
negatively, as it causes severe respiratory diseases [17–18]. 
As compared to the burning of crop residues on the field, the practice of burying 
them can provide certain ecological advantages that improve the physical and chemical 
properties of the soils. These advantages include improving hydraulic conductivity, 
reducing soil bulk densities, decreasing average soil temperatures during hot seasons, 
increasing mean weight diameters, and raising water storage capacities. In sum, 
incorporating crop residues contributes substantially to soil health and thus to sustainable 
crop yields [19–23]. At that, altering agricultural practices from burning to burying would 
considerably contribute to the mitigation of global environmental change. 
In this study, we examine the present cropping systems and the patterns of crop 
residue management prevalent in three different ecological zones of northern Vietnam. We 
compare smallholders’ practices of either burning or burying the residues of rice crops in 
three communes, i.e. Yen Dong (Nam Dinh Province), Luong Phong (Bac Giang Province), 
and Che Cu Nha (Yen Bai Province), and calculate involved costs and benefits. The aim of 
this study is to determine whether financial savings arise to farmers when rice residues are 
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incorporated into their fields instead of being burned. We do this to see if there is an 
economic incentive for farmers to change their residue management practices from burning 
to burying, which would have a positive impact on soil health, human health and the climate. 
Based on our findings, policy recommendations are formulated that best fit the economic 
conditions of smallholder rice farmers in Vietnam. 
Theoretical frame 
Cost-benefit analyses can be said to be part of the standard repertoire of 
Environmental Economics (EE), which had been chosen as theoretical frame for this study. 
EE is a sub-discipline of economics that studies the financial aspects of environment-
friendly practices and policies on different analytic scales [24]. Environmental economists 
perform empirical studies that take into account the environmental costs and benefits of 
certain economic practices in order to help designing appropriate political measures for 
crafting more sustainable economies.  
The fundamental argument underpinning EE is that economic growth involves 
environmental costs that go unaccounted in the standard market model. These negative 
externalities, if staying unaccounted, can result in market failure, which means that markets 
– under specific circumstances – are unsuccessful to allocate scarce resources to generate 
the greatest social welfare [25]. In their studies, environmental economists thus try to 
include the negative externalities of specific economic practices into their market models 
so that, eventually, market failure can be prevented. Equipped with the results of their 
calculations, environmental economists are able to provide policy advice. In general, there 
are two broad ways of how governments can deal with negative environmental impacts of 
their respective economies [24, 26]: For instance, if a state is trying to impose a transition 
to clean energy, it can legislate a law that forcibly limits companies’ carbon emissions, or 
it can place taxes on carbon emissions that provide companies an incentive to adopt for 
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renewable power sources. While the first of these two approaches would be a restriction-
based approach, the second would be an incentive-based solution. 
In our case study, we take the positive and negative externalities of two types of rice 
crop residue management into account (burning vs. burying) and translate them into 
economic figures. By doing so, we are able to determine whether financial savings arise to 
farmers when they incorporate the residues into their fields instead of burning them. If so, 
these savings could be advertised as an economic incentive for transforming agriculture in 
Vietnam towards a more sustainable way. If not, empirical evidence is provided on the extra 
expenses that farmers should be refunded if sustainable agriculture is the Vietnamese state’s 
primary goal. 
2.2 Material and methods 
2.2.1 Study sites 
Table 2.1 Key characteristic of the three provinces of interests 
Province Nam Dinh Bac Giang Yen Bai 
Enviromental indicators    
Topogarphy Lowlands Hills Mountains 
Main soil type Alluvial Grey degraded Acrisol 
Mean temperature 24.0 0C 23.5 0C 22.8 0C 
Mean precipitation 1790 mm 1620 mm 1337 mm 
Socio-economic indicators    
Rural population 1.5 million 1.5 million 0.6 million 
Area planted with rice (as propotion of are 
plated with cereal) 
97 % 91 % 59 % 
Average yield per ha 6.1 tons 5.6 tons 5.0 tons 
Percentage of communes with local store for 
agricultural input  
100 % 81 % 65 % 
Source: [27–34] 
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For our study, we selected three provinces, i.e., Nam Dinh in the Red River Delta’s 
lowlands bordering the Gulf of Tonkin, Bac Giang in the northern hill areas located 50 km 
to the East of Hanoi, and Yen Bai in the mountainous region of northern Vietnam (Figure 
2.1). We selected these provinces as they fall in three ecological zones with varying key 
characteristics (Table 2.1). This selection enabled us to compare different systems of rice 
residue management, and to identify regions that allow for a transformation of prevalent 
practices from both economic and ecological standpoints. 
2.2.2 Province level 
Nam Dinh Province was selected as it exhibits the largest area under spring and 
summer rice in the Red River Delta [31], and as from all northern provinces it encompasses 
the largest area of alluvial soil [35]. The alluvial soils of the Red River Delta are suitable 
for the production of rice, maize, peanuts, soybeans, tomatoes, potatoes, vegetables, and 
fruit trees [27]. The climate in Nam Dinh is humid-tropical, the average air moisture is 83%, 
and the rainy season lasts from May to October (Table 2.1).  
Bac Giang Province was selected as it exhibits the largest area under spring and 
summer rice in the midlands and northern mountains [31], and from all northern provinces 
it has the largest area of grey degraded soils [28–30]. The climate in the province is 
monsoon subtropical (Table 2.1) and more than 80% of the annual rainfall occurs between 
May and October. The grey degraded soil is often considered infertile. Nevertheless, such 
soils have been extensively exploited for agricultural purposes, especially in regions where 
rice, vegetables and other annual crops are cultivated intensively [37].  
Yen Bai Province was selected as from all northern provinces it encompasses the 
largest areas of terraced rice fields (elevation >1,000 m) [38] as well as the largest area of 
Acrisol [27]. This soil type, which is distributed throughout the midland and mountainous 
provinces, is characterized by lower total and biologically available P and K nutrients as 
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compared to alluvial soils [38–39]. The climate of the region is humid-tropical. The mean 
daily temperature ranges from 38–40°C during June and July to 2–5°C from December to 
February. The average air moisture is 81%. 
2.2.3 District and commune level 
In each province, we chose one district, and in each district, we studied one 
commune (Figure 1). 
This study was conducted in Y Yen District (Nam Dinh Province), Hiep Hoa District 
(Bac Giang Province), and Mu Cang Chai District (Yen Bai Province) for two reasons: (1) 
Literally all farmers produce rice in these districts and thus all of these districts encompass 
large rice planted areas [30–33]. (2) All three districts feature the mentioned dominant soil 
types (alluvial, grey degraded, Acrisol) [28, 29, 35, 36, 37, 38]. In each of these three 
districts, one commune was chosen randomly for the collection of empirical data.  
The inhabitants of Yen Dong Commune (Nam Dinh Province) and Luong Phong 
Commune (Bac Giang Province) belong to the Kinh ethnic group, which accounts for over 
85% of the population in Vietnam. The residents of Che Cu Nha Commune (Yen Bai 
Province) belong to one of the country’s ethnic minorities called H’Mong. In the past, 
H’Mong people practised a semi-nomadic lifestyle, but recently they have become mostly 
sedentary as a result of government policy on “settled agriculture and fixed residence” [40–
41]. 
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Fig. 2.1. Study sites in northern Vietnam 
 
2.2.4 Data collection and analysis 
The research process was divided into three phases. In the first phase, literature was 
reviewed on crop residue management patterns in rice farming countries worldwide, 
questions for qualitative and quantitative data collection were prepared, and logistical 
aspects of the fieldwork were clarified. The second phase comprised the data collection in 
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Vietnam. Expert interviews were conducted, selected tools of the social science package 
Participatory Rural Appraisal (PRA) were applied, a standardized survey was organized, 
and crop residue samples were taken. In the last phase, the collected data was organized, 
analyzed and interpreted in collaboration with colleagues in Vietnam and Germany. 
2.2.5 Expert interviews 
First of all, expert interviews were conducted with researchers in Hanoi and with 
staff of agricultural extension centers at the province, district and commune level. 
Afterwards, village leaders as representatives of the People’s Committees at the commune 
level were met to introduce the team of researchers, to present the objectives of the study, 
and to gain valuable information about the settlements in terms of area, demography, and 
land use. Finally, problem-centered interviews [42]  were conducted with village elders 
selected via snowball sampling (Table 2.2). All interviews were transcribed and analyzed 
by means of a case-specific and topic-related content analysis [43]. 
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Table 2.2 List of experts on the interviews 
No Date of 
interview 
Specialized Position Institutions/location  
1 06 March 
2015  
Environment, 
greenhouse gases 
emission 
Senior 
Researcher  
Institute for Agricultural 
Environment, Hanoi 
2 09 March 
2015 
Soils science, land use Senior 
Researcher 
Soils and Fertilizers Research 
Institute, Hanoi 
3 11 March 
2015 
Plant nutrients, crop 
residues management 
Senior 
Researcher 
Soils and Fertilizers Research 
Institute, Hanoi 
4 16 March 
2015 
Agriculture 
management  
Office staff Nam Dinh Department of 
Agriculture and Rural 
Development, Nam Dinh city 
5 17 March 
2015 
Agriculture extension  Office staff Y Yen Agriculture extension 
center, Lam  
6 24 March 
2015 
Agriculture 
management  
Office staff Bac Giang Department of 
Agriculture and Rural 
Development, Bac Giang city 
7 25 March 
2015 
Agriculture extension  Office staff Hiep Hoa Agriculture extension 
center, Thang 
8 30 March 
2015 
Agriculture 
management  
Office staff Yen Bai Department of 
Agriculture and Rural 
Development, Yen Bai city 
9 First April 
2015  
Agriculture extension  Office staff Mu Cang Chai Agriculture 
extension center, Mu Cang Chai 
10 10 September 
2015  
Agriculture extension  Office staff Yen Dong Agriculture 
extension, Yen Dong  
11 11 September 
2015 
Village leader  Village 
leader 
Village leader number 11, Yen 
Dong commune 
12 12 September 
2015 
Experienced villagers Village 
elder 
Village  number 10, Yen Dong 
commune 
13 24 September 
2015  
Agriculture extension  Office staff Luong Phong Agriculture 
extension, Luong Phong  
14 25 September 
2015 
Village leader  Village 
leader 
Chua Village leader, Luong 
Phong commune 
15 26 September 
2015 
Experienced villagers Village 
elder 
Giua village, Luong Phong 
commune 
16 19 September 
2015  
Agriculture extension  Office staff Che Cu Nha Agriculture 
extension, Che Cu Nha  
17 20 September 
2015 
Village leader  Village 
leader 
Trong Tong village leader, Che 
Cu Nha commune 
18 21 September 
2015 
Experienced villagers Village 
elder 
De Thang village, Che Cu Nha 
commune 
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2.2.6 Participatory Rural Appraisal 
Table 2.3 List of PRA session 
No Date of 
interview 
PRA tools applied Location 
1 13 October 2015 Seasonal calendar, SWOT 
analysis 
Village number 11, Yen 
Dong Commune 
2 14 October 2015 Seasonal calendar, SWOT 
analysis 
Village number 10, Yen 
Dong Commune 
3 15 October 2015 Seasonal calendar, SWOT 
analysis 
Village number 12, Yen 
Dong Commune 
4 1 November 
2015 
Seasonal calendar, SWOT 
analysis 
Giua Village, Luong Phong 
Commune 
5 2 November 
2015 
Seasonal calendar, SWOT 
analysis 
Chua Village, Luong Phong 
Commune 
6 3 November 
2015 
Seasonal calendar, SWOT 
analysis 
Chop Village, Luong Phong 
Commune 
7 16 November 
2015 
Seasonal calendar, SWOT 
analysis 
De Thang Village, Che Cu 
Nha Commune 
8 17 November 
2015 
Seasonal calendar, SWOT 
analysis 
Trong Tong Village, Che Cu 
Nha Commune 
9 18 November 
2015 
Seasonal calendar, SWOT 
analysis 
Hang Chua Village, Che Cu 
Nha Commune 
 
Based on the general information gained from the experts, two PRA methods [44] 
were applied at each study site, i.e., seasonal calendars and SWOT analyses. The objective 
of these PRA sessions was to obtain a better understanding of the people’s rationales behind 
their present-day agricultural practices. For each PRA session, a group of ten farmers from 
the pool selected for the standardized survey were invited, whereas it was ensured to have 
equal numbers of male and female participants. The seasonal calendars were used to 
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identify the prevalent agricultural practices in the villages (field preparation, sowing, 
harvesting, crop residue management). The SWOT analysis was conducted to gain 
information about the positively and the negatively evaluated factors (strength, weakness) 
and trends (opportunities, threats) in the villages in this context. In each of these sessions, 
the farmers used beans or stones to indicate quantities or significance. All answers of the 
farmers were noted down in Vietnamese by the researchers and their assistants. 
2.2.7. Standardized questionnaire and survey 
For conducting the survey, the team of researchers received lists of all village 
households from the respective village leaders. In each village, each household was given 
a number and each of these numbers was written down on a small card. After all cards were 
manually shuffled, in each commune a sample of 60 cards representing the households were 
taken from the set of cards. Taken together a total of 180 interviews were conducted. The 
farmers were interviewed between September and November 2015. For the survey, a 
standardized questionnaire was used to collect information on the families’ socio-economic 
status (family structure, income, expenses), farming system (fertilization, irrigation, 
pesticide use), and crop residue management (burying in field, burning on field, using as 
fodder, using as fuel for cooking). A pre-test of the questionnaire in the commune visited 
first helped to delete repetitive and unprecise questions, so that the final version comprised 
a total of 25 open and closed questions. The questionnaire was developed in English and 
later translated into Vietnamese. While interviews could be conducted in Vietnamese 
language in Yen Dong Commune (Nam Dinh Province) and Luong Phong Commune (Bac 
Giang Province), in Che Cu Nha Commune (Yen Bai Province) questions and answers were 
translated from Vietnamese into H’Mong by a native speaker and interpreter. Each 
interview was conducted with the available male or female head of the household and took 
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between one and two hours of length. The results were analyzed by applying descriptive 
statistics. 
2.2.8. Sample taking of crop residues 
At the end of the fieldwork, a total number of 33 samples of rice residues were 
collected at the time of harvesting: nine samples in Yen Dong Commune (Nam Dinh 
Province), 18 samples in Luong Phong Commune (Bac Giang Province), and six samples 
in Che Cu Nha Commune (Yen Bai Province). The samples were collected from a 2m x 2m 
area, separated, and weighed. In Hanoi, subsamples were air-dried, cut into small pieces, 
dried to constant weight at 60–70°C, and ground fine enough to pass through 4mm nylon 
sieve for chemical analysis. Crop residue sample analysis was carried out at the lab at the 
SFRI in Hanoi. The amount of contained nitrogen was determined by using a semi-micro 
Kjeldahl procedure (steam distilling unit UDK132); phosphorus was determined by 
applying the vanadomolybdophosphoric acid method (H2SO4:HNO3 with the ratio of 1:1) 
and a spectrophotometer (Spectro UV-VIS double beam UDV-3500); and potassium, by 
using a photoelectric flame photometer (Corning 410-UK; H2SO4:HNO3 with the ratio of 
1:1). Based on this analysis, the mean share of nutrients in the rice residues accumulated 
after each harvest was estimated. 
2.3 Results 
2.3.1 Cropping systems 
With the help of the PRA method of seasonal calendars, seven food cropping 
systems were found in the study sites based on water management (irrigated vs. rain fed) 
and topography (lowlands, hills, and mountains) (Table 2.4). 
Yen Dong Commune (Nam Dinh Province) 
In Yen Dong Commune (Nam Dinh Province), farmers practice three cropping 
systems: (A) spring peanuts – summer rice – potatoes, (B) spring peanuts – summer rice, 
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and (C) spring rice – summer rice (Table 2.4). Spring peanuts are planted in February and 
harvested in June. Afterwards, the same areas are planted with summer rice in July and 
harvested in early October. On some smaller fields, a 20 minute walk from the village, the 
farmers plant potatoes in late October that are harvested in January. Spring rice is cultivated 
in February and harvested in June. Typically, the spring rice is planted on irrigated fields. 
As our survey data show, the farmers generate on average 75% of their annual income by 
agriculture (62% by producing crops, 13% by raising cattle) and 25% by being engaged in 
off-farm businesses. 
Table 2.4 Food cropping systems at the study site (field work 2015, n = 180) 
Study site 
(province) 
Yen Dong 
Commune (Nam 
Dinh) 
Luong Phong 
Commune (Bac Giang) 
Che Cu Nha 
Commune (Yen 
Bai) 
Water supply Irrigated Irrigated Rain fed 
Cultivation 
technique 
Tractor Tractor Buffalo 
Cropping systems (A) spring peanuts – 
summer rice – 
potatoes 
(B) spring peanuts – 
summer rice 
(C) spring rice – 
summer rice 
 
(D) spring rice – 
summer rice – maize 
 
(E) spring rice – 
summer rice – sweet 
potato 
(F) spring rice – 
summer rice 
(G) summer rice 
planted on 
terraced fields 
(H) maize grown 
on slopes 
 
 
Luong Phong Commune (Bac Giang Province) 
In Luong Phong Commune (Bac Giang Province), there are three prevalent cropping 
systems: (D) spring rice – summer rice – maize, (E) spring rice – summer rice – sweet 
potato, and (F) spring rice – summer rice (Table 2.4). Spring rice is usually planted in 
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February and harvested in late May. Summer rice is planted in late June and harvested in 
late December. In select areas, farmers plant maize and sweet potatoes in October that are 
harvested in January. Our survey data show that the distribution of household income in 
Luong Phong Commune contrasts with that reported in Yen Dong Commune, in that only 
33% of the total income is derived from agriculture, while the major share of 67% stems 
from working in local factories. As such off-farm business is the main source of income. 
Che Cu Nha Commune (Yen Bai Province) 
Finally, in Che Cu Nha Commune (Yen Bai Province), two cropping systems were 
identified: (G) summer rice planted on terraced fields, and (H) maize grown on slopes 
(Table 2.4). Summer rice is planted in May and harvested in September, while maize is also 
planted in May, but harvested in October. Our survey data show that the production of food 
crops accounts on average for 43% of the villager’s total income, while the majority of 57% 
of revenues stem from forestry. Cultivated cardamom provides the main income source. 
2.3.2 Cultivated rice varieties 
Apart from that, the PRA sessions showed that in Yen Dong Commune (Nam Dinh 
Province) and Luong Phong Commune (Bac Giang Province), the fields are irrigated and 
traditional rice varieties are grown, such as, Khang Dan 18, Q5, or Bac Thom 7. Almost all 
farmers use tractors for plowing. In contrast, in Che Cu Nha Commune (Yen Bai Province), 
fields are rain fed and hybrid rice varieties are grown, such as Viet Lai 20, and buffalos are 
used to plow the fields.  
2.3.3 Crop residue management 
By means of the PRA method of seasonal calendars, four different patterns of rice 
straw and stalk management were found in the three study sites: (1) use as cooking fuel, (2) 
burying in the field, (3), burning on the field, and (4) use as fodder for cattle. Frequencies 
could be determined with the help of the standardized survey. Accordingly, in Yen Dong 
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Commune (Nam Dinh Province), 53% of rice residues are buried in the field, 27% are 
burned, 11% are fed to animals and 9% are used as fuel for cooking. In Luong Phong 
Commune (Bac Giang Province), 51% of rice residues are buried, 38% are burned, 10% are 
fed to animals, and 1% are used as fuel for cooking. In Che Cu Nha Commune (Yen Bai 
Province), eventually, 100% of rice residues are fed to animals (Figure 2.2). 
 
Fig. 2.2 Rice residue management in the study sites. 
The aforementioned practices of rice residue management dictate specific nutrient cycles 
that were in focus of the crop residue analysis. The data presented below are the results of 
this analysis. They are averaged across farms and the nutrient cycles are expressed in 
relation to the particular pattern of crop residue management, thus allowing the different 
systems to be compared (Figures 2.3–2.8).  
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Yen Dong Commune (Nam Dinh Province) 
According to the survey data, the average quantity of rice residues in Yen Dong 
Commune (Nam Dinh Province) accounts for 7.0 tons per ha. The analysis of the collected 
rice residue samples revealed an N, P, and K content of 0.72%, 0.15%, and 0.82%. On 
average, 27% of these residues are burned in the field. Several sources [14, 45, 46] estimate 
that the burning of rice residues leads to an average loss of almost 100% of N, 25% of P, 
and 20% of K. Provided these figures, the current practice leads to an annual loss of 13.6 
kg of N, 0.7 kg of P, and 3.1 kg of K per ha per season. An additional 53% of the rice 
residues are incorporated into the soils, which deliver 26.7 kg of N, 5.6 kg of P, and 30.4 
kg of K per ha and season to the soils (Figures 2.3–2.5).  
 
Fig. 2.3 Residue management and nutrient cycle of cropping system (A) in Yen Dong 
Commune, Nam Dinh Province (field work 2015; n =  60). Note: (1) The figure shows the 
cropping system over time and is to be read from left to right. (2) The sizes of the depicted 
boxes have no numeric meaning. (3) while the boxes show the physical substance of the 
cropping system (field, yield, residues), the arrows show the involved processes 
(consumption, residues management, nutrient flows) 
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Fig. 2.4 Residue management and nutrient cycle of cropping system (B) in Yen Dong 
Commune, Nam Dinh Province (field work 2015; n =  60). Note: (1) The figure shows the 
cropping system over time and is to be read from left to right. (2) The sizes of the depicted 
boxes have no numeric meaning. (3) while the boxes show the physical substance of the 
cropping system (field, yield, residues), the arrows show the involved processes 
(consumption, residues management, nutrient flows) 
 
Fig. 2.5 Residue management and nutrient cycle of cropping system (C) in Yen Dong 
Commune, Nam Dinh Province (field work 2015; n =  60). Note: (1) The figure shows the 
cropping system over time and is to be read from left to right. (2) The sizes of the depicted 
boxes have no numeric meaning. (3) while the boxes show the physical substance of the 
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cropping system (field, yield, residues), the arrows show the involved processes 
(consumption, residues management, nutrient flows) 
Luong Phong Commune (Bac Giang Province) 
By means of the standardized survey, in Luong Phong Commune (Bac Giang 
Province), the average amount of rice residues was found to be 5.8 tons per ha, out of which 
38% are burned. Considering the average nutrient composition contained in rice residue 
being 0.72% N, 0.16% P, and 0.74% K, as own analysis showed, the burning results in the 
loss of 15.9 kg of N, 0.9 kg of P, and 3.3 kg of K per ha. By incorporating 51% of the rice 
residues, a total amount of 21.3 kg of N, 4.7 kg of P, and 21.9 kg of K is returned to the soil 
per season (Figures 2.6–2.7).  
Fig. 2.6 Residue management and nutrient cycle of cropping system (D/E) in Luong 
Phong Commune, Bac Giang Province (field work 2015; n = 60). Note: (1) The figure 
shows the cropping system over time and is to be read from left to right. (2) The sizes of 
the depicted boxes have no numeric meaning. (3) while the boxes show the physical 
substance of the cropping system (field, yield, residues), the arrows show the involved 
processes (consumption, residues management, nutrient flows)
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Fig. 2.7 Residue management and nutrient cycle of cropping system (F) in Luong Phong 
Commune, Bac Giang Province (field work 2015; n = 60). Note: (1) The figure shows the 
cropping system over time and is to be read from left to right. (2) The sizes of the depicted 
boxes have no numeric meaning. (3) while the boxes show the physical substance of the 
cropping system (field, yield, residues), the arrows show the involved processes 
(consumption, residues management, nutrient flows) 
Che Cu Nha Commune (Yen Bai Province) 
According to the survey data, the farmers in Che Cu Nha Commune (Yen Bai 
Province) use all their rice residues (100%) as fodder to their cattle. In lieu of this finding, 
no similar calculations could be conducted in this case. The manure of the cattle is applied 
as organic fertilizer to the maize fields (Figure 2.8).  
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Fig. 2.8 Residue management and nutrient cycle of cropping system (G/H) in Che Cu Nha 
Commune, Yen Bai Province (field work 2015; n = 59). Note: (1) The figure shows the 
cropping system over time and is to be read from left to right. (2) The sizes of the depicted 
boxes have no numeric meaning. (3) while the boxes show the physical substance of the 
cropping system (field, yield, residues), the arrows show the involved processes 
(consumption, residues management, nutrient flows) 
 
2.3.4 Evaluation of crop residue management 
Asked why they are pursuing the practice of burning crop residues within the frame 
of the SWOT analysis, farmers in Yen Dong Commune (Nam Dinh Province) and Luong 
Phong Commune (Bac Giang Province) stated that it would destroy pests, clear weeds, and 
release nutrients needed for the next crop cycle. Furthermore, they mentioned that it was a 
convenient way to clear the field in preparation for the next crop. Apart from this positive 
assessment of the burning practice, the farmers were also aware that the burying of residues 
would improve the physical properties and the fertility of the soils. In addition, they agreed 
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on the opinion that the burning of crop residues would negatively affect the environment 
and human health. 
2.4 Discussion 
2.4.1 Transformative potential in different ecological zones 
The results show that due to their location in three different ecological zones, the 
communes studied feature unequal potentials for transforming available rice residue 
management patterns. Because of the extent that agriculture contributes to the villagers’ 
livelihoods, Yen Dong Commune (Nam Dinh Province) in the lowlands is seen as most 
promising for a change from burning to burying rice residues. In Luong Phong Commune 
(Bac Giang Province) in the northern hill areas, in contrast, the potential of transforming 
the practice of burning rice residues is more restricted and has to be discussed considering 
the limited time available to villagers for farming, as their main income stems from off-
farm business. Finally, in Che Cu Nha Commune (Yen Bai Province) in the mountainous 
region, no potentials for transformation are existing, since the full amount of rice residues 
is used in an environment-friendly way as fodder for cattle. 
2.4.2 Environmental costs of crop residue burning 
The environmental costs of the present practice of burning rice residues in the 
lowlands and the hill areas of northern Vietnam becomes visible when the findings from 
the commune level are up-scaled to the province level. There are 154,400 ha under rice 
cultivation in Nam Dinh Province and 111,500 ha in Bac Giang Province [3]. Given the 
average seasonal quantity of rice residues in our study sites of 7.0 tons per ha in Yen Dong 
Commune (Nam Dinh Province) and 5.8 tons per ha in Luong Phong Commune (Bac Giang 
Province), the total amount sums up to 1,080,800 tons in Nam Dinh Province and 646,700 
tons in Bac Giang Province. If incorporated into the soils, the seasonal amount of rice 
residues produced in the two provinces researched would deliver 12,438 tons of N, 2,656 
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tons of P, and 13,648 tons of K to the soils. By burning the produced rice residues, however, 
farmers in Nam Dinh Province lose 7,782 tons of N (100%), 405 tons of P (25%), and 1,773 
tons of K (20%), while in Bac Giang Province they lose 4,656 tons of N (100%), 259 tons 
of P (25%), and 957 tons of K (20%). 
2.4.3 Cost-benefit analysis 
The negative environmental impact of the prevalent burning of rice residues can be 
mitigated if the farmers change this practice. This adjustment can be encouraged by means 
of building awareness. Yet, the results of the SWOT analysis made clear that awareness is 
sufficiently present in the communes studied. Thus, in viewing both practices as reasonable, 
the farmers eventually opt for the alternative that is perceived as more cost-effective. Based 
on these findings, a cost-benefit analysis is to be conducted in order to figure out, whether 
the farmers are correct in their decision or not. For this purpose, the financial savings are to 
be calculated that accrue to farmers when burying their rice residues instead of burning 
them. If these savings are higher than the costs involved, the farmers’ choice is found to be 
false and an incentive is found for changing from the practice of burning. If the savings are 
lower than the involved costs, the farmers’ choice is found to be correct and the amount of 
expenses is identified that needs to be refunded to farmers in order to make them change 
their residue management practice towards a more sustainable manner. 
2.4.4 Rice residues and fertilizer 
Each season, smallholders accrue expenses for purchasing and applying chemical 
fertilizers. The amount of chemical fertilizer applied in Yen Dong Commune (Nam Dinh 
Province) was found to be 189 kg per ha for cultivating rice, 166 kg per ha for cultivating 
peanuts, and 195 kg per ha for cultivating potatoes. The corresponding amounts of chemical 
fertilizer applied in Luong Phong Commune (Bac Giang Province) were found to be 218 kg 
per ha for rice, 371 kg per ha for maize, and 153 kg per ha for sweet potatoes (Table 2.5). 
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Table 2.5 Amount of chemical fertilizers applied at study sites (n = 178) (1) Figure are 
presented the amount (mean) that are currently applied. (2) Figure in parenthesis show 
amount (mean) that need to be applied if full rice residue are incorporated. (3) Saving (in 
parenthesis) show amounts (mean) that need not be applied if full amounts rice residues 
are incorporated. 
 N (kg/ha) P (kg/ha) K (kg/ha) Sum (kg/ha) Saving (kg/ha) 
Yen Dong Commune (Nam Dinh Province) 
Rice 111(61) 28(18) 50(0) 189(78) 111 
Peanut 92(42) 28(18) 46(0) 166(60) 106 
Potatoes 115(65) 31(24) 49(0) 195(89) 106 
Luong Phong Commune (Bac Giang Province) 
Rice 92(50) 22(13) 104(61) 218(124) 94 
Maize 212(170) 43(34) 116(73) 371(277) 94 
Sweet potatoes 83(41) 10(1) 60(17) 153(59) 94 
 
If the total 7.0 ton rice residue amount per ha in Yen Dong Commune (Nam Dinh 
Province) were buried, a quantity of 50.4 kg of N, 10.5 kg of P, and 57.4 kg of K could be 
returned to the soils following each individual rice season. This would lead to a possible 
reduction of applied chemical fertilizer: for cultivating rice 60.6 kg of N, 17.5 kg of P and 
zero kg of K would be sufficient. Similarly, fertilizer application could be reduced to 41.6 
kg of N, 17.5 kg of P, and zero kg of K for cultivating peanuts, and to 64.6 kg of N, 20.5 kg 
of P, and zero kg of K for cultivating potatoes. Likewise, by burying the full amount of 5.8 
tons of rice residues per ha in Luong Phong Commune (Bac Giang Province), nutrient 
quantities of 41.8 kg of N, 9.3 kg of P, and 42.9 kg of K could be returned to the soils, which 
again would decrease the amounts of chemical fertilizer needed. For cultivating the next 
rice season, 50.2 kg of N, 12.7 kg of P, and 61.1 kg of K were sufficient. For cultivating 
maize and sweet potato, fertilizer application could be reduced to 170.2 kg of N, 33.7 kg of 
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P, and 73.1 kg of K, and to 41.2 kg of N, 0.7 kg of P, and 17.1 kg of K, respectively. 
Altogether, in Yen Dong Commune (Nam Dinh Province), the demand of fertilizer for rice 
could be reduced to 78.1 kg, for peanuts to 59.1 kg, and for potatoes to 85.1 kg per ha and 
season. In Luong Phong Commune (Bac Giang Province), the demand for fertilizer for rice 
could be reduced to 124.0 kg, for maize to 277.0 kg, and for sweet potato to 59.0 kg per ha 
per season (Table 2.5). 
Table 2.6 Cost of chemical fertilizers applied at the study site (n = 178). Note: (1) 
Figure presented are the costs (mean) that farmers currently pay. (2) Figure in parenthesis 
show costs mean that need to paid, if full amount of rice residues are incorporated. (3) 
Saving (in parenthesis) show costs (mean) that need not be paid, if full amount of rice 
residues are incorporated. 
 N(VND/ha) P(VND/ha) K(VND/ha) Sum(VND/ha) Saving(VND/ha) 
Yen Dong Commune (Nam Dinh Province) 
Rice 2,171,739 
(1,185,652) 
178,723 
(111,702) 
5,125 (0) 2,355,588 
(1,297,354) 
(1,058,233) 
Peanut 1,800,000 
(813,913) 
178,723 
(111,702) 
4,725 (0) 1,983,448 
(925,615) 
(1,057,833 
Potatoes 2,250,000 
(1,263,913) 
197,872 
(130,851) 
5,025 (0) 2,452,897 
(1,394,764) 
(1,058,133) 
Luong Phong Commune (Bac Giang Province) 
Rice 1,800,000 
(982,174) 
140,426 
(81,064) 
10,525 
(6235) 
1,950,951 
(1,069,473) 
(881,478) 
Maize 4,147,826 
(3,330,000) 
274,468 
(215,106) 
11,725 
(7435) 
4,434,019 
(3,552,541) 
(881,478) 
Sweet 
potatoes 
1,623,913 
(806,087) 
63,830 
(4468) 
6,125 
(1835) 
1,693,868 
(812,390) 
(881,478) 
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These presented figures can be translated into economic values, if established 
conversion factors (1 kg urea equals 0.46 kg N; 1 kg super phosphate equals 0.07 kg of P; 
1 kg of potassium chloride equals 0.50 kg K) and the local prices for fertilizer are taken into 
account. In the local retail markets, the current price of urea is 9,000 Vietnamese Dong 
(VND), super phosphate is 3,000 VND, and potassium chloride is 9,000 VND per kg, as 
experts mentioned. Provided these conversions, the average savings from incorporating rice 
residues in Yen Dong Commune (Nam Dinh Province) can be estimated to be 1,058,233 
VND (US$ 46.4) in the case of rice, 1,057,833 VND (US$ 46.3) in the case of peanuts, and 
1,058,133 (US$ 46.4) in the case of potatoes. In Luong Phong Commune (Bac Giang 
Province), the savings are 881,478 VND (US$ 38.6) in the case of rice, maize and sweet 
potatoes individually (Table 2.6).1 
2.4.5 Mechanization and labor costs 
These potential savings seem appealing, however, they will only work as an 
incentive if there are no indirect costs, which might outweigh the previously calculated 
financial benefits. So, a closer look is necessary at the different management practices 
conducted by the farmers. In the burning scenario, the farmers remove the crop residues, 
stack them up in one corner of the field, and burn them. Afterwards, they distribute the 
ashes across the field and wait for one to two weeks, then, plow the field, apply fertilizer, 
and plant new seedlings. In contrast, in the burying scenario, the farmers shred the residues 
and incorporate them into the soils by plowing, and proceed afterwards with similar steps 
as described in the first scenario. This means that the burying scenario requires the 
smallholders to plow an extra time, which incurs costs. 
                                                          
1 The currency rate was stable throughout the entire field work with 100,000 VND 
correlating to US$ 4.38 (https://www.oanda.com/lang/de/currency/converter/). 
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In the two study sites, the costs for removing and burning the crop residues for a one 
ha field were identified to be 2,770,000 VND (US$ 121.3) in Yen Dong Commune (Nam 
Dinh Province) and 2,216,000 VND (US$ 97.1) in Luong Phong Commune (Bac Giang 
Province). Since in the study sites only 4.4% (Yen Dong Commune) and 6.5% (Luong 
Phong Commune) of the households interviewed own a tractor, most farmers rent a machine 
to prepare their fields. The costs for smallholders to plow their fields by operating a tractor 
(including involved costs for fuel, labor, maintenance, etc.) were found to be on average 
4,986,000 VND (US$ 218.4) in Yen Dong Commune (Nam Dinh Province) and 3,600,000 
VND (US$ 157.7) in Luong Phong Commune (Bac Giang Province) per ha cultivated. In 
turn, in both study sites, the practice of burying involves higher costs as compared to the 
practice of burning, with the added expenses per ha equating to 1,157,767–1,158,167 VND 
(US$ 50.8) in Yen Dong Commune (Nam Dinh Province) and to 502,283 VND (US$ 22.0) 
in Luong Phong Commune (Bac Giang Province). Therefore, the farmers’ decision to burn 
crop residues is only rational (Table 2.7).  
Table 2.7 Savings and extra costs of burying rice residues at the study site (n = 178) 
Study site 
(province) 
Potential saving 
from burning rice 
residue (per ha) 
Costs for 
burning rice 
residue (per ha) 
Costs for 
burying rice 
residue (per ha) 
Balance (per 
ha) 
Yen Dong 
Commune (Nam 
Dinh Province) 
1,057,833—
1,058,233 VND 
(US$ 46.4) 
2,770,000 
VND (US$ 
121.3) 
4,986,000 
VND (US$ 
218.4) 
− 1,158,167
—
− 1,157,767 
VND (US$ 
50.8) 
Luong Phong 
Commune (Bac 
Giang Province) 
881,478 VND 
(US$ 38.6) 
2,216,000 
VND (US$ 
97.1) 
3,600,000 
VND (US$ 
157.7) 
− 502,283 
VND (US$ 
22.0) 
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2.5 Conclusions 
Our study showed that there is great potential for using the remains of planted crops 
as a substitute of cost-intensive chemical fertilizer and thus for making rice farming in 
Vietnam more sustainable. By generalizing our findings from the three examined study sites 
in Yen Dong Commune (Nam Dinh Province), Luong Phong Commune (Bac Giang 
Province), and Che Cu Nha Commune (Yen Bai Province) in northern Vietnam, we see the 
greatest potential in Vietnam’s lowlands, where rice cropping contributes the major share 
to farmers’ livelihoods. In hill areas we also see potential for a transition. Although rice 
farming does not provide for the major share of income there, involved labor costs are lower 
in agriculture, which makes the burying of rice residues less unattractive. In mountainous 
regions, in contrast, we see no potentials for transformation, since the full amount of rice 
residues is used already in an environment-friendly way as fodder for cattle. 
In Vietnam’s lowlands and hill areas, rice farming can be made more sustainable if 
farmers are convinced to shift from burning crop residues to burying them. Our study 
showed that those communities that practice the burning of rice residues, namely Yen Dong 
Commune (Nam Dinh Province) and Luong Phong Commune (Bac Giang Province), are 
very much aware of the nutrients available in crop residues, and of their potentials for 
improving the physical properties of the soils. They are also aware of the negative impacts 
of burning crop residues on human health and the environment. Nevertheless, given extra 
expenses involved in the burying of crop residues, the farmers ultimately decide in favor of 
the more cost-effective practice of burning them. As our cost-benefit analysis showed, the 
burying of rice residues involves indeed extra costs of 1,157,767–1,158,167 VND (US$ 
50.8) per ha in Yen Dong Commune (Nam Dinh Province) and to 502,283 VND (US$ 22.0) 
per ha in Luong Phong Commune (Bac Giang Province). Given these figures we conclude 
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that burning rice residues might be an erroneous trend from an ecological perspective, but 
it is rational from an economic point of view. 
Having said this, it needs to be mentioned that the findings of our study have their 
limitations. In sum, we see four options to produce a more fine-grained picture of the 
examined matters of this study: (1) Different varieties of rice plants should be taken into 
account individually, since varieties with weaker or stronger growth and root systems will 
make a noticeable difference in the results of the cost-benefit analysis. (2) Nutrient release 
rates should be considered, which would improve the comparison of nutrients from crop 
residues with those of chemical fertilizer over time. (3) Reduced health costs should be 
acknowledged that can be expected, as the abstinence of burning crop residues should lead 
to less respiratory diseases in rural areas. (4) It should be tested whether farmers apply more 
pesticides when not burning crop residues. If so, also these extra expenses should be 
included in the calculations. 
Against the background of our findings, we see four options for the government of 
Vietnam to make the transition from burning to burying crop residues happen: (1) The state 
can legislate a law that prohibits the burning of rice residues. However, due to high 
monitoring costs, this option is less attractive. (2) The state can invest in the mechanization 
of the agricultural sector so that tractors become available to farmers at lower prices. This 
would make the burying of rice residues more attractive, since involved costs would be 
decreased. However, due to the large number of smallholders in Vietnam, this option is not 
attractive neither. (3) The state could award a premium to all farmers, who forgo burning 
rice residues. This premium would be directly experienced by the farmers, which makes it 
a very attractive approach. Yet, also in this case, the monitoring costs seem very high. (4) 
Eventually, the state could lower its subsidies on imported chemical fertilizer, which would 
make substitutes in the form of crop residues more attractive. While option number 4 is 
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most realistic from the perspective of the state, option number 3 would be best suited to 
farmers’ livelihoods. 
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Abstract 
 
In Vietnam, approximately 39 million tons of rice (Oryza sativa) residues accrue every 
year. In this study, we quantified soil nutrient balances of paddy rice fields under different 
crop-residue management practices in northern Vietnam. On twelve farms, we calculated 
nutrient balances for the four prevalent rice-residue management practices, i.e. (1) direct 
incorporation of rice residues into the soil, (2) application of rice-residue compost, (3) 
burning of rice residues on the field, and (4) use of rice residues as fodder for livestock. 
Soils under practices (1) to (3) showed a positive nutrient balance, which indicates that 
soil fertility can be maintained under these practices and that amounts of chemical 
fertilizers can be considerably reduced. If not, there is a risk of eutrophication in 
surrounding surface waterbodies. Practice (4), in contrast, resulted in a negative nutrient 
balance, which indicates the need for returning nutrients to the soils. From our findings we 
conclude that knowledge about the effects of rice-residue management practices on 
nutrient cycles may help to optimize the use of fertilizers, resulting in a more sustainable 
form of agriculture. 
 
Keywords: Paddy-rice farming, crop-residue management, nutrient balance, 
smallholders, fertilizer use, Vietnam 
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3.1 Introduction 
Rice is the most important food crop in Asia. In Vietnam, annual rice consumption 
amounts to 150-200 kg per capita, providing 60% of protein and 50-70% of calories of the 
dietary intake [1]. Furthermore, Vietnam is one of the largest rice producers and exporters 
in the world. Ninety percent of the arable land in Vietnam is used for rice cultivation, which 
corresponds to 11.5 million ha, with a median landholding size of 0.65 ha [2]. As such, 
smallholders are the backbone of the country’s agriculture.  
The cultivation of rice involves the accruement of large amounts of straw and stalk. On 
average, one hectare of rice generates about five tons of residues, equaling to approximately 
39 million tons per year [3]. The major portion of rice residues is burned on the field in 
Vietnam, like in many countries [4, 5, 6]. The burning of crop residues however results in 
a loss of nutrients, including the major macronutrients nitrogen (N), phosphorus (P), and 
potassium (K) [7, 8, 9, 10]. In contrast, incorporating crop residues into the soil can increase 
soil organic carbon (SOC) stocks, improve soil structure, and substantially contribute to 
maintaining appropriate levels of nutrients such as N, P, and K in the soil [7, 11, 12]. 
Incorporating crop residues into the soil has the potential to increase crop yields and reduce 
the need of chemical fertilizers. As such, crop residues may serve as a potential partial 
substitute for chemical fertilizers in agriculture [12–14, 15]. 
Vietnam relies heavily on the import of chemical fertilizers. In the case of K fertilizers, 
even 100 % is imported. In 2017, Vietnam imported 4.64 million tons of chemical fertilizers 
at an estimated cost of 1.23 billion US$ [16]. From 1992 to 2015, the average amount of 
total N, P, and K fertilizers applied in agricultural production in Vietnam doubled. At the 
same time, fertilizer-use efficiency was low, resulting in the loss of several hundreds of 
million US dollars annually for the national economy, and causing eutrophication and 
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greenhouse gas emissions [16, 17, 18]. Against this background, the increased use of readily 
available, cost-efficient, and domestically produced organic fertilizer, such as crop residues, 
may reduce the need for costly imported chemical fertilizer and improve the national trade 
balance [19, 20]. This would also increase farmers’ net income by reducing their 
investments for chemical fertilizers [19, 21].  
Soil nutrient balances are the overall net result of the various nutrient flows of a farming 
system [22, 23]. Nutrient balances have been quantified in Africa and Asia [24, 25, 26, 27]. 
However, these studies focused on urban agriculture and aquaculture, but not on rice-
farming systems. Moreover, most of the studies were limited to one year of observation, 
thus capturing only short-term effects, which limits the possibility to quantify the main 
factors that control the element balances. In this study we analyzed the relationship between 
crop-residue management practices and nutrient flows in the soil-plant system in paddy rice 
fields of selected areas of northern Vietnam. The specific objectives were i) to analyze 
agricultural inputs and outputs of N, P, K in different crop-residue management systems, 
and ii) to evaluate the obtained soil nutrient balances with respect to the prospective 
potential of partially substituting imported chemical fertilizers by rice residues. The overall 
aim of the study was thus to evaluate the potential of crop-residue management to contribute 
to a more sustainable agriculture in Vietnam in the future. 
3.2 Materials and Methods  
3.2.1 Study areas 
We selected two study areas in contrasting rice-production regions of northern 
Vietnam. One study area was in Luong Phong Commune (Hiep Hoa District, Bac Giang 
Province; 106°01’ E, 21°20’ N), 60 km East of Hanoi (Fig. 1, bottom). 
It is characterized by a subtropical monsoon climate with a mean annual temperature 
of 23.5 °C and mean annual rainfall of 1620 mm, with more than 80% of the rainfall 
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occurring between May and October. The soils are Plinthic Acrisols according to WRB 
(2014), corresponding to “gray degraded soils” in the Vietnamese soil classification. 
Acrisols are among the main soils used for agriculture in Vietnam, occupying 1.4 million 
hectares (4.5% of the total land, and 12% of the agricultural land of Vietnam). In northern 
Vietnam, these soils are concentrated in Bac Giang, Vinh Phuc, Bac Ninh, Thai Nguyen 
Province, and Hanoi city, which are known for the most intensive agricultural production 
[28, 29, 30]. The texture of the soils is predominantly sandy loam. Their fertility is generally 
low [31].  
The other study area is located in Che Cu Nha Commune (Mu Cang Chai District, Yen 
Bai Province; 104°10’ E, 21°51’ N), 320 km Northwest of Hanoi (Fig. 1, top). The climate 
there is humid-tropical with a mean annual temperature of 22.8 °C and a mean annual 
precipitation of 1337 mm, influenced by the Northeast monsoon. Average air moisture is 
81%. Maximum daytime temperature is 38-40 °C, occurring in June and July, while 
minimum daytime temperature is 2-5 °C, occurring from December to February. The 
predominant soils are Stagnic Acrisols, and paddy rice is the major crop on these soils [32]. 
Incorporation of crop residues into the soils is a widespread practice in Luong Phong 
Commune (Bac Giang Province), accounting for 51% of the total volume of crop residues. 
Another 38% of the crop residues are burned on the field, and about 10% are used as fodder 
for cattle [13]. The proportion of rice residues that are burned on the field is lower in Bac 
Giang Province than in Thai Binh Province [33] and in the Mekong Delta [5], where similar 
studies have been conducted. For comparison, in the Mekong Delta, 98% of the rice residues 
of the winter-spring season, 90% of rice residues of the summer-autumn season, and 54% 
of the rice residues of the autumn-winter season are burned. In Yen Bai Province, all crop 
residues are used as fodder for cattle.  
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Figure 3.1 Study sites in northern Vietnam 
 
3.2.2 Characterization of the cropping systems  
The types of cropping systems that are common in a certain region depend on the 
climatological conditions, irrigation/precipitation patterns and topography. Five cropping 
systems were identified in the two study areas (Table 3.1). 
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In Luong Phong Commune (Bac Giang Province), spring rice is usually planted in 
February and harvested in late May. Summer rice is planted in late June and harvested in 
late September. Some farmers also plant maize and sweet potatoes in October that are 
harvested in January. Our study focused on the spring rice - summer rice cropping system 
only, because the farms that grow maize or sweat potatoes in the two study areas amount to 
only 13% and 15% of the total number of farms, respectively. In Che Cu Nha Commune 
(Yen Bai Province), summer rice is planted in May and harvested in September. Maize is 
also planted in May, but harvested in October [13]. 
 
Table 3.1 General characteristics of the cropping systems in the two study areas 
Characteristics Luong Phong Commune Che Cu Nha Commune 
Topography Rainfed lowland paddy rice Terraced paddy rice 
fields 
Mean precipitation (mm) 1,620 1,337 
Water source Irrigation Rainfall 
Cropping systems Spring rice - summer rice; 
spring rice - summer rice - 
maize (sweat potatoes) 
Summer rice; 
summer maize grown on 
sloping land 
 
 
3.2.3 Monitoring of element balances 
We monitored quantitative nutrient inputs and outputs of each plot over two subsequent 
years. Based on the mentioned four types of rice residue management in the two study areas 
[13], we selected twelve farms for further in-depth analysis (Table 3.2).  
We collected data on rice-residue management practices from September 2015 to 
September 2017. For this purpose, we established nine plots in Luong Phong Commune 
(Bac Giang Province), including the following practices: 1) incorporation of crop residues 
into the soil, 2) application of composted rice residues, 3) application of ash from burned 
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rice residues. In addition, we established three plots in Che Cu Nha Commune (Yen Bai 
Province), where all rice residues were collected and used as fodder for cattle. For each of 
the plots, the exact amounts of inputs (i.e. fertilizers, crop residues, manure, and ash) and 
outputs (harvested crops) were recorded for each crop season. After harvest, we analyzed 
nutrient concentrations of rice grains, rice residues, manure, and soils. The composition of 
the chemical fertilizers was provided by the manufacturers. Nutrient fluxes through rain, 
irrigation, ash, N fixation, leaching and volatilization were estimated based on data of [7, 
34, 35]. 
Table 3.2 Rice-residue management in the study areas 
Study area Rice-residue management  
Luong Phong 
Commune (Bac Giang 
Province) 
Complete rice-residue incorporation before transplanting of 
spring rice (incorporation 1) and summer rice (incorporation 2) 
Luong Phong 
Commune (Bac Giang 
Province) 
Application of composted rice residues before transplanting of 
spring rice (compost 1) and summer rice (compost 2) 
Luong Phong 
Commune 
(Bac Giang Province) 
Application of ash from burned rice residues before 
transplanting of spring rice (burn 1) and summer rice (burn 2) 
Che Cu Nha 
Commune (Yen Bai 
Province) 
Collection of all rice residues (collect) for use as fodder for 
cattle, subsequent application of manure to maize grown on 
sloping lands 
 
3.2.4 Sampling and analysis 
Samples of topsoil, crop residues, rice grains, chemical fertilizers and manure were 
collected at all plots, to monitor element fluxes of the four types of rice residue 
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management, with three replicates per management practice (Fig. 3.2).
 
(a)
 
(b) 
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(c) 
 
(d) 
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CFE: Chemical fertilizers       GE: Gaseous losses of N       RRE: Rice residues    
NFE: Nitrogen fixation           RGE Harvested rice grain 
RWE: Rain water                   LE: Leaching 
IWE: Irrigation water 
NIE: Nutrients input as rice residue incorporation, compost or ash 
Figure 3.2 Schematic representation of nutrient fluxes in the four types of rice-residue 
management practices 
The topsoils were sampled at 0-20 cm depth, using a stainless-steel trowel. Five topsoil 
samples, taken within an area of 5 m × 5 m, were mixed in the field. Samples of crop 
residues and rice grains were collected at the time of harvesting from an area of 2 m × 2 m 
within the area from which topsoil samples had been taken. The crop residues were 
weighed. Subsamples for chemical analysis were air-dried, cut into small pieces, dried at 
60-70 °C to constant weight, and ground to pass a 0.4 mm nylon sieve. Samples of chemical 
fertilizers and manure were collected either from the fields or obtained from the farm 
households. The samples were air-dried, ground and sieved for chemical analysis. Nutrient 
analysis was carried out at the laboratory of the Soils and Fertilizers Research Institute 
(SFRI) in Hanoi, Vietnam. Soil pH (KCl and H2O) was measured at a soil: solution ratio of 
1:5, using a pH electrode (ISO 10390 : 2005). Concentrations of total organic carbon were 
determined by the Walkey-Black method (ISO-22003 : 2008) , and concentrations of total 
N were analyzed by semi-micro-Kjeldahl (ISO 11261 : 1995). Available P was extracted 
by the Bray 2 method and analyzed colorimetrically (by use of the 
vanadomolybdophosphoric acid colorimetric method). Total contents of P and K were 
analyzed after digestion with H2SO4 + HNO3 (1:1, v:v). Total contents of P were determined 
colorimetrically, and those of K were determined by using a photoelectric flame photometer 
(Corning 410-UK). Texture was analyzed using the sieve and pipette method, and particle 
density was determined by use of a pycnometer (ISO 11277:2009). Cation exchange 
capacity (CEC) was determined using ammonium acetate at pH 7. 
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3.2.5. Calculation of nutrient balances 
Nutrient balances of N, P, and K were calculated as difference between inputs and 
outputs. Changes in soil nutrient status were evaluated using the following element balance 
equation [24, 26]: 
ΔPE=IE-OE (1) 
Where ∆𝑃𝐸 represents changes in the soil pool, IE comprises all inputs, and OE includes 
all outputs of the element E. Element inputs IE considered in this study were through 
irrigation water from rivers IWE, rainwater RWE, chemical fertilizers CFE, nutrient input as 
rice residue incorporation, compost or ash NIE, and biological N2 fixation NE. Considered 
element outputs OE were through harvested rice grain RGE, rice residues RRE, gaseous losses 
of nitrogen GE, and leaching LE. The net changes in the soils’ stocks of the element E ∆SoilE 
were calculated as: 
∆SoilE = (IWE + RWE +CFE + NIE + RRE + NE) – (GCE + CRE + GE + LE)  (2) 
3.2.6 Statistical analysis. 
One-way ANOVA was performed to test the significance of the effects of applying 
chemical fertilizer, rice residues, compost, and ash at the two study sites. Significance was 
defined as p < 0.05 using the Duncan test. 
 
3.3 Results 
The soils of the investigated farms in Luong Phong Commune (Bac Giang Province) 
were characterized by low fertility (Table 3.3). 
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Table 3.3 Topsoil (0-20 cm depth) characteristics under four rice-residue management 
practices 
Parameter Rice-residue management  
 Luong Phong Che Cu Nha 
Incorporation Compost Burn Collect 
pH (KCL) 
pH (H2O) 
Bulk density (g cm-3) 
Coarse sand (%) 
Fine sand (%) 
Silt (%) 
Clay (%) 
CEC (cmolc kg
-1) 
SOC (g kg-1) 
Total N (g kg-1) 
Total P (g kg-1) 
Total K (g kg-1) 
Available P (mg 100g−1 soil) 
Available K (mg 100g−1 soil) 
Total N stock (t ha-1) 
Total P stock (t ha-1) 
Total K stock (t ha-1) 
4.50 (0.50) 
5.10 (0.40) 
1.31 (0.09) 
2.50 (1.90) 
62.9 (13.6) 
21.9 (2.80) 
12.7 (8.80) 
6.77 (2.03) 
1.30 (0.33) 
0.12 (0.03) 
0.05 (0.02) 
0.03 (0.03) 
16.74 (4.02) 
3.78 (2.29) 
3.14 
1.31 
0.79 
4.70 (0.40) 
5.20 (0.50) 
1.35 (0.03) 
0.50 (0.10) 
57.8 (8.00) 
32.0 (5.80) 
9.70 (2.30) 
8.30 (3.39) 
1.26 (0.20) 
0.12 (0.02) 
0.06 (0.02) 
0.05 (0.02) 
23.74 (11.81) 
4.33 (1.99) 
3.24 
1.62 
1.35 
4.60 (0.40) 
5.30 (0.50) 
1.33 (0.10) 
2.60 (2.10) 
54.7 (0.80) 
31.5 (1.40) 
11.2 (1.40) 
6.71 (1.99) 
1.25 (0.15) 
0.12 (0.03) 
0.05 (0.01) 
0.03 (0.02) 
16.15 (3.76) 
2.93 (0.72) 
3.19 
1.33 
0.80 
4.00 (0.10) 
4.90 (0.20) 
1.11 (0.05) 
3.90 (1.80) 
31.5 (7.90) 
31.4 (9.40) 
33.2 (12.30) 
13.90 (3.04) 
1.50 (0.51) 
0.14 (0.04) 
0.10 (0.03) 
0.40 (0.13) 
1.64 (0.82) 
8.43 (0.96) 
3.11 
2.22 
8.88 
 
Note: Numbers represent means (standard deviation) of selected soil properties  
over the 24 months of monitoring (n = 6-9). 
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They had low pH (average pH KCl = 4.5) and light textures, typically varying from 
sand to silt. They showed low CEC and low concentrations of SOC, N, and K, but high 
contents of plant-available P. The soils were highly porous, making soil preparation easy 
[30, 36]. The fields were in flat topography with shallow groundwater that is readily 
exploitable for irrigation [13]. Soils of the farms in Che Cu Nha Commune (Yen Bai 
Province) were even somewhat more acidic (average pH KCl = 4.0). They had heavier 
texture (33 % clay), higher CEC (13.9 cmolc kg-1 CEC) and higher total nutrient contents, 
but lower contents of plant-available P (1.6 mg 100g−1 versus 16.2-23.7 mg 100g−1), 
compared to the soils of Luong Phong Commune. 
Nutrient inputs were mainly through chemical fertilizers, rice-residue compost, and rice 
residues. The use of chemical fertilizers in the intensive rice-cropping systems of Luong 
Phong Commune exceeded the recommendations by the Agriculture Extension Department 
[37, 38]. N inputs through chemical fertilizers were higher for the burning plots and 
incorporation plots than for the other plots (Table 3.4). 
Table 3.4 Mean N, P, and K inputs from chemical fertilizers at plot level 
Rice residue 
management 
Spring rice (kg ha-1) Summer rice (kg ha-1) 
N P K N P K 
Incorporation 114.21c 28.09bc 97.79bc 101.01abc 32.66c 75.99b 
Compost 86.11a 24.82ab 81.46b 88.59ab 21.29a 86.34b 
Burning 96.67abc 27.40bc 125.11cd 109.26cb 31.94bc 132.95d 
Collect 0 0 0 96.66abc 20.29a 12.27a 
Note: a, b, c, and d represent data that are statistically different (p < 0.05). 
 
    Nevertheless, the burning plots showed a negative N balance for spring rice (Fig. 3.3). 
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Fig. 3.3 Mean balance of N per cropping season under the selected rice-residue 
management practices. The columns show arithmetic means (n = 6) and the bars represent 
standard deviations. 
 
Fig. 3.4 Mean balance of P per cropping season under the selected rice-residue 
managementpractices. The columns show arithmetic means (n = 6) and the bars represent 
standard deviations. 
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Fig. 3.5 Mean balance of K per cropping season under the selected rice-residue 
management practices. The columns show arithmetic means (n = 6) and the bars represent 
standard deviations. 
The burning plots received the highest total K (125/133 kg ha-1) and P inputs (27/32 kg 
ha-1) through chemical fertilization of spring and summer rice, respectively. K and P inputs 
to the compost and incorporation plots were high, too, leading to positive K and P balances 
(Figs. 3.4, 3.5). 
In contrast, nutrient inputs through chemical fertilizers were lowest in collection plots 
in Che Cu Nha Commune, especially for K. Fertilizer application in the collection plots in 
Che Cu Nha Commune did not match the nutrient requirements of rice, which resulted in 
negative N, P and K balances for these plots (Figs. 3.3-3.5).  
Additional nutrient inputs through the different rice-residue management practices 
differed considerably. For the compost and incorporation plots, their contributions to the 
total nutrient inputs amounted to 21-35% N, 20-53% P and 29-45% K (Table 3.5). 
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For the collection plots (where rice residues were collected to feed cattle), all 
management-related nutrient inputs were calculated as 0 kg ha-1 per cropping season. For 
the burning plots, only the management-related N inputs were calculated as 0 kg ha-1 
(accounting for gaseous loss of N through burning of the crop residues), whereas the 
management-related K inputs to the burning plots (45-46 kg ha-1 per cropping season) were 
similar to those of the compost plots (35-48 kg ha-1) and incorporation plots (34-61 kg ha-
1). Compost application was associated with the largest management-related P (19-24 kg 
ha-1) and N (44-46 kg ha-1) inputs per cropping season. 
Table 3.5 Mean N, P and K inputs from incorporation of rice residues into the soils, 
application of compost from rice residues, and burning of rice residues at plot level 
Rice residue 
management 
Spring rice (kg/ha) Summer rice (kg/ha) 
C N P K C N P K 
Incorporation 2057c 31b 8a 34a 2246d 42c 8a 61b 
Compost 788b 46c 19b 48ab 831b 44c 24c 35a 
Burning 53a 0a 7a 46a 56a 0a 7a 45a 
Note: a, b, c, d represent data that are statistically different (p < 0.05). 
 
C inputs per cropping season related to the different management practices decreased 
in the following order: incorporation of rice residues (~2.1-2.2 t ha-1) > application of 
compost from rice residues (788-831 kg ha-1) > burning of rice residues (53-56 kg ha-1), 
whereby total C loss through crop-residue burning was high (~2.0-2.1 t ha-1). 
For the collection plots in Che Cu Nha Commune, all nutrient balances were negative, 
amounting to -21 kg ha-1 a-1 for N, -3 kg ha-1 a-1 for P, and -60 kg ha-1 a-1 for K. The other 
three management practices on the plots in Luong Phong Commune generally led to positive 
nutrient balances, whereby the surplus of N was 18-47 kg ha-1 a-1, that of P was 16-27 kg 
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ha-1 a-1, and that of K was 63-123 kg ha-1 a-1. The only exception was spring rice with 
burning of crop residues (Burn 1 in Fig. 3.3), which resulted in a negative N balance. 
3.4 Discussion 
3.4.1 Effects of rice-residue management on nutrient balances of rice-cropping systems 
This study showed that considerable amounts of nutrients in paddy-rice systems can be 
recycled within the system through appropriate rice-residue management. Direct 
incorporation of the rice residues into the soils after harvest returned 31-42 kg N ha-1, 8 kg 
P ha-1, and 34-61 kg K ha-1 per cropping season to the soil. Application of rice-residue 
compost returned significantly more P and somewhat more N to the soils, whereas the 
amounts of recycled K were similar in both management practices. In detail, compost 
application in our study involved the return of 44-46 kg N ha-1, 19-24 kg P ha-1, and 35-48 
kg K ha-1 per cropping season to the soil. Thus, compared to the two other rice-residue 
management practices investigated in this study, burning and use as fodder for cattle, the 
two management practices (1) application of rice-residue compost and (2) direct rice-
residue incorporation into the soils after harvest can considerably reduce the need of 
chemical fertilizers in paddy-rice cultivation [13, 14]. In addition, also high amounts of C 
were added to the soils through incorporation of rice residues (2.1-2.2 t C ha-1 per cropping 
season) and rice-residue compost (788-831 kg C ha-1 per cropping season). Thus, compared 
to burning (adding 53-56 kg C ha-1 per cropping season) or use as fodder (not calculated in 
this study), incorporation of rice residues and rice-residue compost may also increase SOC 
contents of paddy soils. The combined effect of nutrient cycling and SOC accumulation 
associated with these two practices has the potential to enhance soil quality [39, 40], ensure 
appropriate plant nutrition and correspondingly high crop yields, and at the same time 
reduce the use of chemical fertilizers. In this way, these practices may contribute to an 
economically and ecologically more sustainable food-crop production. Thus, they can help 
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to meet the food demands of a growing population [41, 42, 43]. In contrast, several studies 
have shown that burning of crop residues can result in a loss of almost 100% N, 25% P, and 
20% K from the system [7, 10]. Applying these figures to the situation of our study, we 
estimate that the practice of burning rice residues on the field, resulted in nutrient returns of 
about 0 kg N ha-1, 7 kg P ha-1, and 46 kg K ha-1 to the soil per season. As no or very little N 
is returned from rice residues to the soil under the practice of crop-residue burning, large 
amounts of chemical N fertilizers are required under this management. The negative N 
balance, which we identified for spring rice cultivation on the burning plots of our study, 
points to this problem. In Che Cu Nha Commune (Yen Bai Province), as well in the upland 
areas of rice cultivation in Vietnam, removal of rice residues is the most common 
management practice at present. The rice residues are used as fodder for cattle. Farmers 
then collect the manure of their cattle and produce compost of it. The compost is however 
not returned to the rice fields but is applied to maize fields. This practice leads to loss of 
nutrients from the rice fields. Our results suggest that this loss is much greater for K than 
for P, as shown by the comparison of the K and P balances of the collect plots in Figs. 3.4 
and 3.5. This outcome of our study is in agreement with data reported by [34]. 
The K balance was positive for all rice-residue management practices except for the 
collection of rice residues to feed cattle (Fig. 3.5). This result is a consequence of the 
considerable amounts of K that were returned to the soils through the three other rice-
residue management practices, direct incorporation, compost application, and burning. The 
amounts of K that were returned through these three practices were in the same order of 
magnitude, amounting to 34-61 kg K ha-1 per cropping season. It can be concluded that 
these three rice-residue management practices all are suitable for maintaining a high K use 
efficiency in rice-cropping systems. 
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Also, the P balance was positive for all rice-residue management practices except for 
the collection of rice residues to feed cattle (Fig. 3.4). The greatest positive P balance was 
obtained for the plots with compost application, although less chemical P fertilizers were 
used on these plots (21-25 kg P ha-1per cropping season), compared to the incorporation 
and burning plots (27-33 kg P ha-1per cropping season). This large P surplus resulted from 
the high quantities of P that were returned to the soils through the compost (19-24 kg P ha-
1 per cropping season), compared to the amounts of P that were returned through the direct 
incorporation of rice residues (8 kg P ha-1 per cropping season) or burning (7 kg P ha-1 per 
cropping season). It can be concluded that, among the investigated management practices, 
compost application has the greatest potential to increase P use efficiency in rice-cropping 
systems. 
In general, organic fertilizers have been recognized as an important source of nutrients. 
In addition to the nutrients N, P and K that were in the focus of this study, organic fertilizers 
also supply other macro- and micronutrients that are not contained in commercial chemical 
NPK fertilizers [34, 44]. Moreover, organic fertilizers help improving soil fertility by 
increasing CEC and SOC contents. Farmers in Vietnam have used organic fertilizers for a 
long time [45, 46], whereby the amounts and application methods vary between regions as 
well as between individual farms, depending on crops, soils and available types of manure. 
Bui [44] reported that farmyard manure was usually applied before crop planting. The 
amounts of applied manure varied between 9.7 t ha-1 and 14.9 t ha-1, differing between 
individual households. However, these data on manure application were collected two 
decades ago. In more recent surveys [20, 45] a decreased application of manure was found. 
This decline is related to (1) a decrease in the availability of manure from pig farms, because 
most of the pig manure in northern Vietnam is nowadays used for biogas production, (2) 
insufficient knowledge of farmers about the management of manure in an efficient and at 
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the same time environmentally sustainable way [47], and (3) the ready availability of 
chemical fertilizers that seem to provide an easy substitution of manure [48]. 
Results of recent investigations by [20, 42], and ourselves (obtained 2015, 
unpublished), showed that farmers would prefer to apply more organic fertilizers, especially 
to rice, maize, and peanuts, but that the amounts of organic fertilizers produced on their 
own farms is not enough to supply their fields. In all three provinces, where these studies 
were carried out, no or low application of organic fertilizers to rice was found. This trend 
was due to an increase in the practice of burning harvest residues, lack of labor force, and 
reduction of livestock per hectare in the course of specialization of rice farms. Vu [45] and 
Hoang [42] identified logistic constraints (workload, volume of manure, distance to field, 
availability of labor force) as the most important reasons, why the majority of farmers 
hesitated to apply manure to crops. Most of the farmers knew about the benefits of organic 
fertilizers for crop yield and soil fertility. However, the effects of crop-residue incorporation 
into soils on plant yield and its potential for partial fertilizer substitution was less known 
[13]. 
The outcomes of our study support previous investigations, which suggested that rice-
residue incorporation into soils can reduce the required amounts of fertilizers and therefore 
the costs related to the purchase of fertilizers [13, 42]. In addition, it has the potential to 
increase SOC contents of soils, thus positively affecting soil physical, chemical and 
biological properties. Our study under laid these assumptions by quantitative data. In 
conclusion, we propose that rice-residue incorporation into soils can be a suitable alternative 
management practice for farms that do not produce sufficient amounts of farmyard manure 
[14, 15]. 
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3.4.2 Environmental risks related to nutrient management in paddy-rice cultivation 
Our analysis showed that the total application of N, P, and K through chemical 
fertilizers and organic materials (rice residues, compost) to the soils was high (Tables 3.4, 
3.5), leading to a considerable surplus of these nutrients in the soils (Figs. 3.3-3.5). The 
continued accumulation of excessive N, P and K in rice-cropping systems involves a risk 
of nutrient leaching and potential eutrophication of adjacent surface-water bodies and 
groundwater [25, 26, 49]. The risk of eutrophication is particularly high in regions with 
paddy-rice cultivation, as the nutrient pathways from over fertilized soils to surface- and 
groundwater are extremely short and straightforward in paddy-rice systems. In the context 
of eutrophication, P deserves particular attention. Plinthic Acrisols, which are widely used 
for rice cultivation in Vietnam, and on which this study was performed, are generally 
considered infertile, because of P fixation, low pH and CEC, advanced stage of nutrient 
leaching and consequently low nutrient contents [50, 51]. Compared to the low P contents 
reported by Mi [51], in our study, we found increased contents of plant-available P in the 
soils, especially with compost application (Table 3.3). Such increase was also reported in 
other studies [30, 36]. Therefore, due to the high risk of eutrophication related to paddy-
rice cultivation, application of P, both in chemical and organic form, requires particular 
caution. 
Another environmental aspect related to crop-residue management is the emission of 
fine ash particles from burning crop residues to the atmosphere. These emissions do not 
only affect the climate, but they also threaten human health in rural communities, as they 
may cause severe respiratory diseases [52, 53]. For instance, burning one ton of rice straw 
releases 3 kg of particulate matter, 60 kg of CO, 1460 kg of CO2, 2 kg of SO2, and 199 kg 
of ash [4]. In our study, the average amount of rice residues in Luong Phong Commune 
(Bac Giang Province) was 5.3-5.6 t ha-1 per cropping season. Thus, burning the rice residues 
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on all study plots in Luong Phong Commune would release 7.7-8.2 tons of CO2. This CO2 
release also clearly exceeds the CO2 release from the decomposition of incorporated rice 
residues [54], which is relevant in the context of greenhouse-gas balances of rice-cultivation 
systems.   
This study, in which we established nutrient balances for paddy-rice fields under 
different rice-residue management practices, showed that there is an urgent need for 
improving the nutrient management of paddy-rice cultivation in Vietnam. Three rice-
residue management practices were tested in Luong Phong Commune (Bac Giang 
Province), (1) direct rice-residue incorporation into the soils after harvest, (2) application 
of rice-residue compost, and (3) burning of rice residues on the field. All three, together 
with non-adapted chemical fertilization, led to a surplus of P in the range of 37-52 kg P ha-
1 and of K in the range of 136-235 kg K ha-1. These positive nutrient balances indicate a risk 
of excess nutrient accumulation in the soils. Such accumulation may potentially lead to 
eutrophication of adjacent water bodies. Surface- and groundwater around paddy-rice fields 
are especially at risk of eutrophication, because the groundwater is often very close to the 
soil surface, and the temporary flooding of the rice fields provides a very direct nutrient 
pathway from the paddy fields to nearby surface-water bodies. Only for the rice fields in 
Che Cu Nha Commune (Yen Bai Province), from which rice residues were collected after 
harvest to be used as fodder for cattle, our study showed a risk of nutrient depletion. It was 
the only management that resulted in negative N, P, and K balances (- 21 kg N ha-1, - 2 kg 
P ha-1, - 61 kg K ha-1). 
3.5 Conclusions 
Based on these outcomes of our study, we draw two main conclusions for optimized 
rice-residue and fertilizer management:  
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I) We advise against burning of rice residues. Given the limited availability of manure 
and labor force in the study regions, we recommend to incorporate rice residues into the 
soils. This management technique is not very labor-intensive, and it has multiple benefits, 
as it returns nutrients to the soils, thus allowing for reducing the use of chemical fertilizers, 
and it adds organic matter to the soils, thus potentially increasing SOC contents. 
II) Nutrient inputs need to be better adapted to the crop needs, as demonstrated by the 
unbalanced nutrient budgets of all investigated systems, in most of the studied cases 
resulting in nutrient accumulation and in one case resulting in nutrient depletion. 
Knowledge about (1) soil nutrient contents prior to planting, (2) expected harvest and 
corresponding nutrient uptake by plants, (3) nutrient concentrations in the rice residues and 
nutrient balances resulting from the different rice-residue management practices, may help 
to optimize the fertilization practices to obtain high yields from paddy-rice fields without 
risking eutrophication of adjacent water bodies. 
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residue management does not prevent silicon depletion in paddy rice cultivation 
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Abstract 
Silicon (Si) is known to have beneficial effects on plants, in particular on rice, which is a 
strong Si accumulator. Si helps mitigate environmental stresses and nutrient deficits of 
plants. In some regions, the limited plant-available Si in soils might have detrimental effects 
on rice cultivation. Crop residue management practices can affect the amount of plant-
available Si in soils. However, the effect of crop residue management practices on the soil-
plant Si cycle and on Si availability to plants remains, so far, largely understudied. Here, 
we attempt to fill this knowledge gap by reporting a study on the effects of three different 
rice-residue management practices on Si-depleted paddy rice systems from northern 
Vietnam. The management practices included (1) direct incorporation of rice residues into 
the soils, (2) burning of rice residues in the field, and (3) use of rice straw as fodder for 
animals, composting of the obtained manure, and subsequent application of the composted 
manure to the field. We analyzed different Si reservoirs in soils and plant Si contents under 
these different practices. Our results show a strong correlation between the different soil Si 
reservoirs and plant Si contents. We found no significant difference with respect to plant-
available Si in soils and plant Si contents between the different management practices. 
These new data also suggest that Si-depleted rice-cultivation systems may proportionally 
lose Si through grain harvest faster than less Si-depleted systems. Such information is 
important for maintaining the level of plant-available Si and an appropriate Si levels in 
paddy rice.  
Keywords: Rice straw, Phytoliths, Si-depleted soil, Si extraction, Soil Si pools, Biogenic Si  
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4.1 Introduction 
Silicon (Si) is generally not considered an essential element for plant growth [1]. Yet 
many studies highlight its strong beneficial effects for a variety of plants, particularly under 
stress [2]. Thus, Si is now broadly recognized as a beneficial element for plants and a quasi-
essential nutrient [3, 4]. Si can enhance plant resistance in a large variety of circumstances, 
which includes for example nutrient depletion, drought stress, pathogens and pest attacks. 
There is evidence for multiple combined effects of Si rather than one single effect [5]. The 
functioning of these beneficial effects is, however, far from being fully understood and is 
still subject to debate [3]. The beneficial effects of Si have been particularly studied for rice 
due to both its importance as a food source and its strong tendency to accumulate Si. The 
quantity of Si taken up and accumulated by plants varies according to the species [6]. The 
average Si content in rice plants is usually higher than 4% of the dry plant mass [6, 7] and 
can reach up to 10% [1]. Due to these high Si contents, rice is classified as a Si accumulator. 
Si uptake by plants is achieved both by passive uptake (Si absorption along with water) and, 
for Si accumulators, by an active transport process using speciﬁc transporters. These 
transporters (termed Lsi1 and Lsi2) respectively support the absorption of Si into the roots 
and its loading into the xylem [8]. Si is then transferred with the xylem to aerial parts via 
the transpiration stream [9] and is concentrated in parts of the plants where transpiration 
takes place. This concentration causes the Si to polymerize and precipitate into biogenic 
amorphous silica grains known as phytoliths [4]. A small but potentially highly reactive 
fraction of the Si remains present in the plant in other forms, e.g. as monomeric silicic acid 
H4SiO4 and small silica polymers dispersed in the organic matrix [10, 11]. Some plants also 
form a thin silica layer at the surface of the leaves named the double silica layer [10], but 
phytoliths generally account for most of the plant Si content. Si that has precipitated as opal 
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inside the plants cannot be re-mobilized by the plants and remains insoluble until it is 
returned to soil with the plant litter. 
In soils, Si is a ubiquitous element and soils commonly contain as much as 30% Si. 
Yet, almost all of this Si is usually present in minerals and is only slowly released through 
chemical weathering. The Si cycle thus begins with the initial release of Si into solution by 
chemical weathering of rocks. The dissolved Si (SiDiss) is then available for further 
geochemical reactions and for plant uptake, mainly in the form of monomeric silicic acid 
[12, 13]. In natural ecosystems, plant Si returns to soil when organic matter is decomposed, 
thereby rapidly releasing the Si present in the organic matrices (SiOrg). Si release from 
phytoliths, which usually constitute the major part of biogenic silica in soils [14], is 
comparatively slower. Phytoliths may dissolve, persist, or structurally or chemically alter 
[15–17]. In most soils, biogenic Si (SiB) contents range from 0.1 to 3 wt. % of the fine earth 
fraction (<2 mm), with concentrations generally decreasing with depth [13, 16, 18]. As 
biogenic silica is amorphous, and as amorphous silica (SiAm) tends to be much more soluble 
than silicate minerals, most of the SiB pool is assumed to be rapidly recycled and thus to 
represent an important source of Si in soil solution [11, 16]. As amorphous silica (SiAm) 
tends to be much more soluble than silicate minerals, most of the SiB pool is assumed to be 
rapidly recycled and thus to represent an important source of Si in soil solution [16, 12]. 
The balance between the different sources of Si (mineral dissolution vs biogenic silica 
recycling) absorbed by plants is not yet well established, but there is evidence that in many 
ecosystems soil–plant Si fluxes, involving intense SiB recycling, are several times larger 
than fluxes of Si released from primary minerals via weathering. As a consequence, Si 
cycles on average several times through the biogenic silica pool before eventually being 
exported to the hydrological network [19–23]. In agricultural environments, regular SiB 
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export through crop harvest interrupts this soil-plant recycling loop and can thus lead to a 
depletion of the SiB pool in soils over time [21, 23, 24]. Several studies already proved an 
anthropogenic influence on SiB storage and on continental Si fluxes [24, 22, 26–31]. This 
issue is critical as a decrease of bio-available Si may impact cereal yields; in particular for 
highly weathered soils as these tend to have a lower plant available Si content. 
Rice is the world’s most important food crop. More than 750 million tonnes of rice 
are annually harvested from about 165 million hectares around the world [32]. With an 
annual production of ca. 43 million tonnes, Vietnam is one of the largest rice producers and 
exporters in the world. Ninety percent of the arable land in Vietnam is used for rice 
cultivation [33]. From 1992 to 2015, the average amount of total N, P, and K fertilizers 
applied in agricultural production in Vietnam doubled. However, the efﬁciency of the 
fertilizer use remains low, resulting in considerable losses for the national economy, and 
causing eutrophication and greenhouse gas emissions [32, 34, 35]. Rice agriculture 
produces large amounts of straw and stalk. On average, one hectare of paddy rice generates 
about ﬁve tons of residues annually [36]. These residues can be used as a readily available, 
cost-efﬁcient, and domestically produced organic fertilizer. A more efficient use of crop 
residues would reduce the need for Vietnam to import chemical fertilizers [34]. It would 
also increase farmers’ net income by reducing their expenses for chemical fertilizers [37, 
38]. Rice-residue management practices may also have an influence on the bio-availability 
of Si in rice fields [7, 39]. By returning biogenic silica to the fields, fertilization with crop 
residues also reduces the net export of Si. As such, crop residues may serve as a potential 
partial substitute for chemical fertilizers in agriculture [40–43]. As the export of Si is usually 
not compensated by Si-containing fertilizers, such Si fertilization by plant residues thus 
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eventually helps to maintain Si availability for crops. Common crop residue management 
techniques found in Vietnam are:  
- Burning: In Vietnam, like in many countries, the major portion of rice residues is burned 
on the ﬁeld [44, 45]. The burning of crop residues results in a loss of nutrients, including 
macronutrients like nitrogen (N), phosphorus (P), and potassium (K) [46, 47]. However, 
burning of plant material was also shown to enhance the solubility of phytoliths in 
comparison to unburned plant material [48–50]. Nguyen et al. [51].  specifically studied the 
effect of burning rice straw and concluded that burning can be an efficient measure to 
improve Si availability in the short term.    
- Incorporation: Crop residue incorporation into the soil can increase soil organic carbon 
stocks, improve soil structure, and substantially contribute to maintaining appropriate levels 
of nutrients such as N, P, and K in the soil [52, 40, 46]. The crop is harvested mechanically 
and plant residues are spread on the land. They are then incorporated into the soil, thus 
burying nearly all Si contained in straw. Studies have shown that the incorporation of plant 
residues into the soil can markedly increase the Si concentration in soil solution [53–55]. 
- Manure production: Rice residues can be used as fodder for cattle. The obtained manure 
is then composted. The final product can either be dispersed back on the fields of origin (as 
in the present study) or on other fields. In the latter case, the result is a net export of plant 
residues. The reactivity and the solubility of plant Si were shown to increase after passing 
an animal digestion tract, mainly due to degradation of organic matrices, resulting in 
increased exposure of phytolith surfaces and thus higher dissolution rates [56]. 
Each of these three rice-residue management techniques may thus affect the 
recycling rate of biogenic Si in soils and thereby Si availability to plants. Si cycling and Si 
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availability in rice cultivation have already been the subject of several studies, including 
some in regions near our research site [53, 57, 58]. These studies showed strong Si limitation 
in local rice cultivation, with a possible effect on yields. They also emphasized the 
importance of recycling crop residues for maintaining a sufficient Si supply to paddy rice 
in the area, and in regions with low Si availability in general. In addition, they pointed to a 
lack of knowledge on the effects of different agricultural practices, in particular straw 
management, on Si availability and called for more studies. However, most studies focused 
on comparing the effect of straw export with straw residues recycling. To the best of our 
knowledge, no study focused yet on comparing the effects of different crop-residue 
management practices on Si cycling. 
In the present study we aimed at assessing not only the amounts of Si that are 
immediately available to plants, but also the potential of the soil to provide plant-available 
Si at the time scale of a growing season. Therefore, we considered a broader set of soil Si 
reservoirs, including dissolved and readily mobilizable Si (SiM), Si adsorbed to mineral 
surfaces (SiAds), Si in organic matter (SiOrg), Si occluded in pedogenic oxides and hydroxides 
(SiOcc), and Si in amorphous silica (SiAm). SiM and SiAds are both readily available to plants 
[59, 60]. The plant-availability of SiOcc is likely coupled to the dissolution and re-
precipitation of iron hydroxides during the redox cycles in paddy rice cultivation. 
Dissolution and re-precipitation of these oxides and hydroxides with changes of redox 
conditions can scavenge or release Si [61, 62, 17]. SiOrg turns into SiM and thus becomes 
plant-available when plant materials or soil organic matter are decomposed. Finally, SiAm 
comprises both Si from biogenic (mainly phytoliths) and pedogenic origin. This reservoir 
is thought to be an important source of plant-available Si as well. However, literature data 
about the recycling rates of phytoliths are still scarce [11, 21, 23], but a recent litterbag 
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experiment suggested that the Si recycling speed from paddy rice straw might be especially 
high, with more than half of the plant Si being recycled within one month [53]. 
Owing to the various beneficial effects of Si for plants mentioned above, the current 
lack of knowledge about the effect of agricultural practices on the Si cycle is unfortunate. 
According to the knowledge gaps pointed out above, the objectives of our study were to 
assess the effects of different rice-residue management practices on (i) various soil Si pools 
in a silicon-depleted system, (ii) Si uptake by rice plants and (iii) rice yields, through the 
management effects on Si plant-availability. The overall goal of this assessment was to 
identify management practices that may contribute to a more sustainable rice cultivation in 
Vietnam. 
4.2 Material and methods 
4.2.1 Study area  
The study area is located in the Luong Phong Commune, in the alluvial plain of the 
Red River, ca. 55 km north-east of Hanoi, northern Vietnam (Hiep Hoa District, Bac Giang 
Province; 106°01′ E, 21°20′ N). The climate is humid subtropical with a monsoon season. 
The mean annual temperature is 23.5°C and the mean annual rainfall is 1620 mm, of which 
more than 80% occurs between May and October. The soils are Plinthic Acrisols according 
to the World Reference Base for Soil Resources[63].The texture of the soils is 
predominantly sandy loam. Acrisols are among the main soils used for agriculture in 
Vietnam, occupying 1.4 million hectares (12% of the agricultural land of Vietnam). In 
northern Vietnam, these soils are concentrated in regions that are known for their intensive 
agricultural production [64]. The fertility of these soils is however generally low [65]. The 
predominant cropping system is a lowland paddy rice (Oryza sativa L.) system, with two 
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harvests per year. Agriculture is mostly rainfed with complementary irrigation from a 
nearby reservoir. Spring rice is usually planted in February and harvested in late May. 
Summer rice is planted in late June and harvested in late September. Although some farmers 
combine rice cultivation with other crops, we focused on plots where only rice is cultivated.  
With a median landholding size of 0.63 ha, smallholders are the backbone of the 
Vietnamese agriculture [33]. Due to this relatively small size of the fields, various 
management practices can be found within a short distance. This allows for an easy 
comparison of the effects of management practices, whereby other influencing 
environmental parameters can be kept similar. The different plots used for this study have 
identical climate and similar soils. This study is complementary to a previous study by Hung 
et al. [66] in which we analyzed the effects of crop-residue management practices on N, P 
and K budgets of the same paddy rice ﬁelds. 
4.2.2 Sampling 
We selected three plots for each of the following rice-residue management practices: 
(1) Incorporation of crop residues into the soil, (2) application of composted rice-residue 
manure, and (3) burning of the rice residues in the fields. Data on rice-residue management 
practices were collected from September 2015 to September 2017. Samples of topsoil, crop 
residues, rice grains, and composted rice-residue manure were collected for all plots, to 
monitor Si ﬂuxes under the three rice-residue management practices, with three replicates 
per management practice. The topsoil was sampled with a shovel over a depth of 0-20 cm. 
At each plot, five topsoil samples were taken within an area of 5 m × 5 m and were merged 
in the ﬁeld. The samples were air-dried and sieved (< 2 mm). Aliquots of these samples 
were analyzed by Hung et al. [66] for pH, granulometry, CEC, total N, P and K, available 
P and K. Plant samples were collected at the time of harvesting of summer rice (September 
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2015 and 2017) from an area of 2 m × 2 m within the area from which topsoil samples had 
been taken. Plant samples were separated into crop residues (stems and leaves) and rice 
grains (including the husk). They were weighed, air-dried, cut into small pieces, dried at 
60–70◦C to constant weight, and ground to pass a 0.4 mm nylon sieve. Samples of chemical 
fertilizers and composted manure were collected either from the ﬁelds or obtained from the 
farm households. Samples of irrigation water were collected in September 2017, filtered 
and analyzed for their SiDiss content using the molybdate-blue colorimetric method. The 
SiDiss content of rainwater was not analyzed, as it is known to be usually negligible [67]. 
4.2.3 Plant analyses 
The total Si contents of the plant samples were extracted by the 1% Na2CO3 method 
[68, 69] initially developed for amorphous silica extraction from soil samples. Ca. 20 mg 
of plant material is weighed into a 50 mL centrifuge tube using a high-precision scale. 
40 mL of a 1% Na2CO3 solution (0.094 M) is added and the tube is then put in a shaking 
hot water bath at 85°C for minimum 3h. The tubes are manually shaken hourly to fully mix 
the samples. After centrifugation (5 min at 3000 rpm), an aliquot of the solution is 
neutralized with HCl and filtered through a paper filter (1-2 µm). The sample is then diluted 
and analyzed with the molybdate-blue colorimetric method. We ensured that no sample 
contained more than 2.1 mg Si, as recommended by Meunier et al.  [68] as amorphous silica 
dissolution might be incomplete for samples with higher Si contents. All plant analyses 
were made in at least two replicates. 
4.2.4 Analyses of soils and Si pools in soils 
In order to quantify the effects of the different rice-residue management practices on 
the various Si reservoirs of the paddy soils, we applied a sequential Si extraction to the soil 
samples. The extraction followed the procedure developed by Georgiadis et al [70, 71]. 
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Throughout the successive steps, Si is extracted from the following reservoirs: mobile Si, 
adsorbed Si, Si in soil organic matter, Si occluded in pedogenic oxides and hydroxides, and 
Si in amorphous silica (both biogenic and minerogenic). The extraction steps are shortly 
described below, the detailed procedure of each extraction step is given in Georgiadis et al. 
[70, 71]. For each sample, 1 g of soil material is processed through the whole extraction 
procedure. The extracts are centrifuged and filtered through paper filters (1-2 µm). The Si 
concentration of the extracts is then measured colorimetrically or by use of an atomic 
emission spectrometer (ICP-AES), depending on the steps (see below). The remaining soil 
is rinsed several times with deionized water between steps.  
Dissolved and readily mobilized Si (SiM): The quantification of the dissolved and 
easily mobilized Si fraction is the first step of the sequential extraction. The soil samples 
are mixed with 5 ml of calcium chloride solution (0.01 M). The samples are shaken once 
per hour for one minute over 24h. The filtered extracts are analyzed for Si colorimetrically. 
Adsorbed Si (SiAds): Si adsorbed on mineral surfaces is desorbed by adding 10 ml of 
acetic acid (0.01 M) to the cleaned soil material from step 1. The mixture is left on the 
overhead shaker for 24h. The samples are shaken once per hour for one minute over 24h. 
After filtration, the extracts are analyzed for Si colorimetrically. 
Si in organic matter (SiOrg): H2O2 is used to decompose the soil organic matter in 
order to release the Si present in the organic matrix. The sample is first treated with 20 ml 
H2O2 (17.5%) at room temperature. Once the reaction has calmed down, 10 ml of 
concentrated H2O2 (35%) is added and the samples are put in a shaking hot water bath at 
85°C until no further reaction is visible. After filtration (PES filters, 0.2 µm), the extracts 
are analyzed for Si by use of an ICP-AES. Aluminum contents are also measured to check 
for possible contamination from mineral dissolution. 
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Si occluded in pedogenic oxides and hydroxides (Siocc): Pedogenic oxides and 
hydroxides are dissolved by adding 50 ml of an ammonium oxalate (0.2 M) and oxalic acid 
(0.14 M) solution to the samples. After an initial reaction time of 8h, the samples are 
exposed to UV light overnight. The centrifuged and filtered extracts are analyzed for Si by 
use of an ICP-AES. 
Amorphous Si (SiAm): The remaining soil samples are then transferred into 400 ml of 
a 0.2 M NaOH solution to extract Si from amorphous silica following the protocol of 
Georgiadis et al. (2015). The samples are kept for 7 days and are shaken hourly for one 
minute. After centrifugation and filtration, Si concentrations in the extracts are measured 
colorimetrically. 
4.3 Results 
4.3.1 Soils 
Si concentrations in the various soil Si reservoirs of the different experimental plots 
were highly variable. However, our results do not show significant differences between sites 
with different management practices. The results are summarized in Table 4.1. Amorphous 
silica is always by far the largest of the different Si pools considered in our study (2.3 mg/g 
on average). All considered soil Si reservoirs tended to be correlated with each other to 
variable degree. These correlations contrast with results from Klotzbücher et al.[39] who 
observed clear anti-correlations between Si reservoirs similar to SiAm and plant available Si 
(SiAva, see below) or between SiAm and SiOcc in paddy soils of the Philippines (Hydragric 
and Irragric Anthrosols). 
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4.3.2 Irrigation water 
SiDiss content in irrigation water was similar in the different fields at the time of the 
harvest in 2017, ranging from 0.75 mg/L to 1.04 mg/L (average = 0.9 mg/L ±0.2; ±2SD). 
In comparison, water from the reservoir used in complement to rainwater for irrigating the 
fields had a SiDiss content of 3.50 mg/L. The low SiDiss content in irrigation water confirms 
the predominance of rainwater for irrigation at the time of sampling. 
4.3.3 Plants 
The average Si content in the above-ground plant biomass was 1.5% of the dry plant 
biomass (±0.4%, ±2SD), with generally slightly higher concentrations in straw than in the 
grains (1.7% and 1.2% respectively). This is very low compared to data from the literature, 
which usually exceed 4% [6, 7, 72]. The plant Si contents measured in our study are also 
low in comparison to those of other paddy rice plots in the lowlands of Northern Vietnam, 
where Klotzbücher et al.[58]; average Si content of 4.1%. This is also below the 5% 
threshold proposed by Dobermann and Fairhurst [73] below which Si deficiency affects rice 
plants and yields. At harvest time, the different plots showed similar biomass (average of 
10.0 Mg/ha ±0.8, ±2SD). On average, the grain accounted for 49% of the total aerial plant 
biomass (±1%, ±2SD) and for 41% (±8%, ±2SD) of the Si present in the above-ground plant 
biomass (Fig. 4.1). This is relatively high compared to data from other studies. Klotzbücher 
et al.  [57] reported grain masses of about 20% of the total above-ground plant biomass 
(23% for Vietnamese rice and 17% for Philippine rice). Si uptake within one season ranged 
from 80 kg/ha to 230 kg/ha. We found no differences between the Si contents of the above-
ground plant biomass (SiPlant) under the different rice-residue management practices (Fig. 
4.2) 
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Si contents in straw (SiStraw) correlate closely with Si contents of most of the soil Si 
reservoirs (Fig. 4.3), in particular with SiAds (R2=0.64; p=7×10-5) and SiOrg (R2=0.65; 
p=5×10-5). Only between SiStraw and SiM no correlation was found. However, we observed 
a correlation between SiStraw and the sum of SiM and SiAds, which we interpreted as the plant-
available Si fraction (SiAva=SiM+SiAds; R2=0.59; p=2×10-4). SiStraw also tends to correlate 
with SiOcc and SiAm (R2=0.47 and R2=0.46, respectively). In contrast, Si contents of the 
grains show only weak trends with Si contents in the various soil Si reservoirs. The only 
noticeable relationship was observed between SiStraw and SiOrg (R2=0.33).  
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Table 4.1 Measured Si content of the plants and of the different soil Si reservoirs at the studied sites. 
        Plants       Si in biomass     Soil           
    SiStraw SiGrain SiPlant  Straw Grain Plant  Si.M Si.Ads Si.M+Ads Si.Org Si.Occ Si.Am 
Treatment Site Year  mg/g mg/g %  kg/ha kg/ha kg/ha  µg/g µg/g µg/g mg/g mg/g mg/g 
                  
Manure 1 2015  19.8 23.4 2.2%  98 119 217  15.5 21.7 37.3 0.34 0.34 3.65 
 2 2015  15.4 11.9 1.4%  86 65 151  17.2 11.8 29.0 0.22 0.33 2.08 
 3 2015  20.3 12.3 1.6%  109 66 175  14.0 15.2 29.2 0.27 0.45 3.25 
 1 2017  10.5 10.6 1.1%  53 51 104  3.3 4.0 7.3 0.13 0.12 1.47 
 2 2017  18.0 10.6 1.4%  81 48 129  7.6 9.8 17.4 0.18 0.16 2.29 
 3 2017  11.6 8.5 1.0%  52 38 89  6.1 5.2 11.3 0.14 0.14 1.22 
                  
Burning 1 2015  22.1 11.8 1.7%  116 63 179  14.1 19.5 33.7 0.27 0.33 2.10 
 2 2015  21.0 20.6 2.1%  117 113 230  8.4 15.6 23.9 0.27 0.35 2.43 
 3 2015  20.7 20.6 2.1%  114 109 223  10.2 11.3 21.5 0.28 0.32 2.44 
 1 2017  14.8 7.2 1.1%  68 33 102  4.2 11.9 16.1 0.25 0.43 2.99 
 2 2017  26.8 8.2 1.8%  132 37 169  8.6 36.9 45.5 0.33 0.42 3.48 
 3 2017  9.9 6.0 0.8%  49 27 76  11.9 11.3 23.3 0.13 0.12 1.19 
                  
Incorporation 1 2015  15.7 15.0 1.5%  87 84 171  7.9 12.8 20.7 0.26 0.29 2.58 
 2 2015  14.5 14.8 1.5%  78 78 156  8.3 11.9 20.2 0.24 0.24 2.17 
 3 2015  18.7 13.2 1.6%  104 73 177  10.0 12.1 22.1 0.23 0.30 1.74 
 1 2017  15.2 8.5 1.2%  71 38 109  6.3 9.8 16.1 0.23 0.31 2.40 
 2 2017  17.2 8.4 1.3%  81 38 120  8.2 9.0 17.3 0.22 0.39 2.72 
 3 2017  15.0 9.7 1.2%  71 43 114  4.0 5.9 9.9 0.14 0.16 1.28 
                                    
Average    17.1 12.3 1.5%  87 62 149  9.2 13.1 22.3 0.23 0.29 2.30 
Average manure   15.9 12.9 1.4%  80 65 144  10.6 11.3 21.9 0.21 0.26 2.33 
Average burning   19.2 12.4 1.6%  99 64 163  9.6 17.7 27.3 0.25 0.33 2.44 
Average incorporation  16.1 11.6 1.4%  82 59 141  7.5 10.3 17.7 0.22 0.28 2.15 
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Figure 4.1 Evolution of the proportion of Si present in the grain and in the straw 
depending on the total plant Si content. Additional data are from Klotzbücher et al. [57]. 
 
Figure 4.2 Comparison of the plant Si content measured for the different rice residue 
management practices. Manure = application of composted manure obtained from feeding 
animals with rice residues, Incorporation = incorporation of rice residues into the soil, 
Burning = burning rice residues directly in the field.  
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Figure 4.3 Relationships between Si concentrations in rice straw and the different soil Si 
reservoirs (management practices: red = application of composted manure obtained from 
feeding animals with rice residues, blue = incorporation of rice residues into the soil, 
green = burning rice residues directly in the field). SiM = mobile Si, SiAds = adsorbed Si, 
SiAva = plant available Si, SiOrg = Si in soil organic matter, SiOcc = Si occluded in 
pedogenic oxides, SiAm = Si in amorphous silica 
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Figure 4.4 – A) Comparison of the Si content in rice straw and the plant available Si 
measured by acetate extraction or as the sum of SiM and SiAds. Data from our study clearly 
lie at the lower end of the dataset for both parameters. Sub-Saharan data are from 
Tsujimoto et al. [72], Philippines data and additional Vietnamese data are from 
Klotzbücher et al. [57]. B) Magnified view of the data from this study showing the strong 
relationship between the two parameters. 
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4.4 Discussion 
In our study, paddy soils and rice plants are both strongly Si-depleted, compared to 
previously published data for paddy rice systems. Even compared to data from previous 
studies in Vietnam, the Si contents of our soil and plant samples fall on the lower end of the 
existing literature datasets (Fig. 4.4). This finding classifies our paddy rice fields as strongly 
Si-depleted systems. They are thus ideal for observing the effects of different management 
practices on Si plant-availability as any minor change in Si input to these Si-depleted 
systems should proportionally have a larger effect on the soil SiAva contents than in systems 
where plant-available Si is abundant. Since Si can be actively taken up by rice plants [3, 
74], SiStraw and SiAva are not necessarily systematically correlated. However, in a previous 
study on soil-plant Si cycling in rice fields, Klotzbücher et al. [57] found a positive 
relationship between SiStraw and SiAva (measured by acetate extraction). This correlation was 
limited to SiStraw contents below ca. 8-10%. Above this threshold, rice plants probably 
reached a maximum uptake capacity and additional SiAva did not lead to further increase of 
plant Si contents. As the Si contents of our plant samples are all below 3%, they fall well 
within the range for which Klotzbücher et al. [57] found the correlation between plant Si 
contents and plant-available Si in soils. In agreement with Klotzbücher et al. [57] our data 
show a clear correlation between SiStraw and SiAva (R2=0.57, p=5×10-5), suggesting a direct 
link between these two parameters. We thus conclude that Si availability in soils limited 
plant Si uptake at our study sites. However, SiAva amounted on average only to less than 1/3 
of the Si content of the plant biomass at harvest time (table 4.1). Thus, the pool of plant-
available Si in soils must be replenished by other, larger, Si sources. Possible Si sources 
include irrigation water, mineral weathering, SiOrg, SiOcc and SiAm. Si inputs from irrigation 
water over a growing season are difficult to quantify, but Si concentrations of irrigation 
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water samples were generally low (< 1 mg/L on average in September 2017). Data on the 
amounts of reservoir water used for irrigation are lacking, but as the growing season 
preceding the September harvest corresponds to the rainy season in northern Vietnam it is 
reasonable to assume that most of the water input is rain water (containing only negligible 
SiDiss) and that Si input with irrigation water is limited. Similarly, it is difficult to quantify 
the Si input from mineral weathering. However, given the high degree of weathering of the 
soils in the region, input from mineral weathering is expected to be limited, compared to 
other soil types. Thus, with the setting of our study sites, other potential Si sources become 
all the more important. Among the other mentioned Si reservoirs, SiOrg is likely released at 
a short time scale. In a litter-bag experiment with Si-poor straw by Marxen et al.[53], 2/3 
of the Si in the straw was released within one month. Si in straw is thus potentially an 
important source of plant-available Si, as also reflected in the strong correlations between 
SiOrg and both SiStraw and SiAva observed in our study.  
Given the low Si plant-availability in our study area, we had expected that small 
differences in Si input would lead to more easily measurable effects on plant Si contents 
than in systems with higher Si plant-availability. However, our data do not show any 
significant differences in plant Si contents between the management practices (Fig. 4.2 and 
table 4.1). However, caution must be exercised though in the interpretation of these results 
due to the limited size of the dataset. A possible explanation for the absence of clear 
differences between the three management practices is the high Si export through harvest. 
At our study sites, the rice grains contained on average about 40% of the total plant Si at 
harvest time. As the Si contained in the rice grains (SiGrain) is exported from the system and 
is thus not recycled on the field, this regular export twice a year leads to a considerable 
systematic loss of Si from the system. Possible effects of different Si recycling rates by the 
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three management techniques might thus be obscured by this large systematic Si export. 
This Si loss through harvest is, moreover, enhanced at our study sites, as SiGrain comprises 
a particularly large proportion of SiPlant compared to other studies (e.g., 23% in Vietnamese 
rice plants measured by Fig. 4.1). This finding also raises the question whether the high 
proportion of SiGrain in SiPlant is a consequence of the low contents of plant-available Si in 
the soils. If this is the case, it might trigger a snowball effect, in which low contents of plant-
available Si in soils leads to a higher proportion of Si in the grains compared to Si in the 
whole plant biomass, thus eventually resulting in a proportionally greater Si export via the 
harvest of the rice grains. Such snowball effect would have serious implications, as it would 
mean that the more Si-depleted a soil already is, the higher is the proportion of plant-
available Si lost via grain export from the system. Another explanation for the absence of 
significant differences in Si contents of rice plants grown under the three different 
management practices could simply be that the recycling of biogenic Si is particularly 
efficient under the given humid-subtropical climate. All three management practices 
involve recycling of the Si in crop residues. Thus, if for all three management practices the 
biogenic Si is recycled at a similar rate, this might result in a similar plant-availability of Si. 
4.5 Conclusions 
The rice-residue management practices tested in this study, (1) incorporation of rice 
residues into the soils, (2) burning of rice residues in the field, and (3) application of 
composted manure from animals fed with the rice straw, did neither lead to significant 
differences in plant-available Si in soils and other soil Si reservoirs nor in the plant Si 
contents. Thus, all three rice-residue management practices had similar effects on Si plant-
availability. We found a close correlation between the most readily plant-available Si 
fractions in soils (sum of mobile Si and adsorbed Si) and Si contents in rice straw. As these 
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two soil Si fractions alone cannot account for the Si contents of the plants, this observation 
highlights the dependency of the readily plant-available soil Si fractions on other soil Si 
reservoirs such as SiOrg, SiAm and SiOcc. All tested management practices involved plant-to-
soil Si recycling. In future studies, an additional comparison with rice plots where rice 
residues are not returned to the field, and where all plant Si is thus exported, would be 
interesting in order to also assess the exact benefit of returning the Si contained in rice 
residues to the fields. In agreement with previous studies, our results suggest that in a Si-
depleted environment, proportionally more Si is accumulated in grains than in the rice 
residues. As the grains are not returned to the system after the harvest, on the long term this 
could enhance Si depletion in soils that already have low contents of plant-available Si. 
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 Abstract 
In a field experiment in northern Vietnam, we investigated the effects of water and rice-
residue management on greenhouse gas emissions and yields of rice (Oryza sativa L). We 
used a 2 x 4 factorial design, comparing alternate wetting and drying (AWD) and 
conventional continuous flooding (CCF) water management, each with four different rice-
residue treatments: control (CT), application of composted rice residues (CR), on-site 
burning of rice residues (B), and incorporation of rice residues into the soil (I). All plots 
received equal amounts of mineral nitrogen (N), phosphorous (P), and potassium (K). The 
results indicate that water management is a major factor in reducing CH4 emissions. AWD 
management led to a reduction of CH4 emissions by 15-42% for the CR treatment, by 27-
47% for the B treatment, and by 36-45% for the I treatment. Similarly, AWD management 
resulted in a reduction of global warming potential (GWP) by 16-36% (CT), 15-39% (CR), 
27-40% (B), and 35-40% (I), respectively. The treatment I led to the highest CH4 emissions, 
while the control (CT) showed the lowest CH4 emissions under both water management 
systems. Rice yields were slightly higher for treatments including organic fertilizers 
compared to only mineral fertilizer (CT). In conclusion, we recommend a combination of 
treatment I with AWD water management, as this combination resulted in reduced 
greenhouse gas emissions while ensuring high rice yields.  
Keywords: Mitigation of methane emissions, Nitrous oxide emissions, Rice farming, Rice-
residue management, Water management, Vietnam.     
.     
 
 
 
 
 
 
 
113 
 
5.1 Introduction 
Rice production in Asia is facing tremendous challenges in the 21st century. A fast-
growing population is demanding larger rice supplies under the increasingly difficult 
production conditions of declining water availability and quality [1–3]. Rice cultivation 
accounts for nearly 20% of global anthropogenic methane (CH4) emissions [4], whereby 
the magnitude of CH4 emissions depends on organic matter application, soil organic matter 
(SOM) contents, and anaerobic soil conditions [5–8]. Another relevant greenhouse gas 
(GHG) in rice cultivation is nitrous oxide (N2O). Emissions of N2O from paddy soils depend 
on soil nitrogen (N) stocks and quality, and on water management [9, 10]. Carbon dioxide 
(CO2) fluxes are a source of GHG emissions, too, but at global scale they are estimated to 
contribute less than 1% to the global warming potential (GWP) of agriculture [11]. Vietnam 
is one of the largest rice producers and exporters in the world, with more than seven million 
hectares of paddy rice [12]. Paddy rice production is the largest source of GHG emission in 
Vietnam’s agriculture, contributing about 44.7 Tg CO2 equivalents, accounting for more 
than 50% of the total agricultural GHG emissions [13]. Paddy rice fields have a high 
potential to emit CH4, because flooding leads to anaerobic CH4 production [14]. 
Furthermore, organic fertilizer and rice residue application, N and water management affect 
paddy soil GHG emissions. 
Rice residue management in Vietnam has changed over the last decades [15]. After 
harvesting, farmers traditionally used rice residues as a fuel for cooking, animal feed, and 
compost. Currently, rice residues are used as (1) animal feed, (2) cooking fuel, (3) compost 
that is applied to other fields (e.g., maize), or they are (4) burned [16]. On-site burning is 
the most typical practice to manage rice residues in Vietnam (and other Asian countries) 
[15, 17], and it is dramatically increasing in Vietnam [18]. Farmers frequently apply fire in 
the field for fast clearing of residues and for soil preparation, as burning is a quick and easy 
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way to manage the large quantities of crop residues and prepare the field for next crop [19, 
20]. The enhanced burning of rice residues has also resulted in increased contents of 
extractable phosphorus (P) and potassium (K) in the top soils. Major disadvantages of rice 
residue burning include not only air pollution and related respiratory diseases [15, 17, 19–
22], but  also a contribution to global warming, depletion of essential nutrients like nitrogen 
(N), P, K, and decrease in soil organic carbon (SOC) stocks.  
Incorporation of rice residues into paddy soils improves soil structure and fertility 
and increases soil cation exchange capacity (CEC). Rice residue incorporation also results 
in higher microbial activity than residue burning [21–24], increases rice productivity, and 
reduces the need for chemical fertilizers [16, 25, 26]. Furthermore, rice residue 
incorporation could be an alternative to use of manure, since the application of manure is 
decreasing. This is due to (1) a decrease in the availability of manure from pig farms, 
because most of manure in northern Vietnam is nowadays used for biogas production, (2) 
insufficient knowledge of farmers about the management of manure and (3) the availability 
of chemical fertilizers that seem to provide an easy substitution for manure [27–29]. 
However, incorporation of rice residues under anaerobic conditions enhances  CH4 
emissions by 50-60% [10, 30]. 
Recently, “alternate wetting and drying (AWD)” management has been applied in 
Asia [1, 31]. Several studies suggested that the drainage of rice paddies once or several 
times during the growing season can reduce CH4 emissions. For example, Triol-Padre [32] 
reported that CH4 emissions from paddy soils in central Vietnam were reduced by 21-38% 
with this method compared to conventional continuous flooding (CCF), while the rice grain 
yield even increased by 4%. Lu [33] found that CH4 emissions were reduced by 60% under 
AWD management compared to CCF in southeast China. Hence, the practice may not only 
reduce GHG emissions but also increase rice grain yield [32]. 
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Therefore, in this study, we hypothesized that incorporation of rice residues or 
manure in combination with AWD can reduce CH4 emissions without increasing N2O 
emissions. An additional benefit of AWD is the reduction in water usage, whereas the 
advantages of rice residue incorporation compared to burning include the build-up of SOC, 
soil N, P, and K, increase of soil water-holding capacity and decrease of bulk density. To 
test our hypothesis, we conducted a field experiment in Bac Giang Province, Vietnam. The 
objectives were (1) to assess the potential of AWD to reduce GHG (combined CH4 and N2O) 
emissions compared to the usual practice of CCF, (2) to compare the effects of rice residue 
incorporation, rice residue burning, and application of composted rice residues on GHG 
emissions, (3) to evaluate the combined impact of water and rice residue management on 
the GWP and on rice yields.       
   
5.2 Methods 
5.2.1 Experiment site 
The field experiment was conducted in Luong Phong Commune (Hiep Hoa District, 
Bac Giang Province; 106°01’ E, 21°20’ N), 50 km East of Hanoi (Fig. 5.1). It is 
characterized by a subtropical monsoon climate with a mean annual temperature of 23.5 °C 
and mean annual rainfall of 1620 mm, with more than 80% of the rainfall occurring between 
May and October. 
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Fig. 5.1 Location and climate of the experimental sites in Vietnam. 
The soils are Plinthic Acrisols according to WRB (2014). Acrisols are among the 
main soils used for agriculture in Vietnam, occupying 1.4 million hectares (4.5% of the total 
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land, and 12% of the agricultural land of Vietnam). In northern Vietnam, these soils are 
concentrated in Bac Giang, Vinh Phuc, Bac Ninh, Thai Nguyen Province, and outskirts of 
Hanoi City. These regions are known for the most intensive agricultural production [35]. 
The soils have light textures in all horizons, typically varying from sand to silt. They have 
low CEC (5.0 cmol kg-1) and low contents of SOC (7.8 g kg-1) and nutrients such as total N 
(0.7 g kg-1), and total K (0.2 g kg-1), but their contents of available P (30.2 g kg-1) are high. 
These soils with low fertility are widespread in many agriculturally used floodplain areas 
of Vietnam [34, 36, 37]. 
5.2.2 Field experiment 
The field experiment was conducted with a 2 x 4 factorial randomized complete 
block design with three replications on a plot size of 4 x 5 m each. The first factor was water 
management and the second factor was rice residue management. Two water management 
techniques were applied. The first was conventional continuous flooding (CCF), whereby 
the water level was 3-7 cm above the soil surface during flooding. The second water 
management technique was alternate wetting and drying (AWD). The AWD plots were 
continuously flooded from the first day of transplanting (DAT) until the 24th DAT, when 
the irrigation was stopped. As soon as the water level dropped to 15±2 cm below the soil 
surface, as indicated by the water level of tubes installed in each plot, single irrigation was 
applied until the water level reached 2 cm above the soil surface. The AWD plots were then 
left to dry again, and this cycle was continued until 15 days before harvesting. Continuous 
flooding was only applied again during flowering, i.e., during the period 56-76th DAT. Four 
rice residue management treatments were established, whereby in all treatments chemical 
NPK fertilizers were applied. The treatments included: (1) CR = application of composted 
rice residues, (2) B = on-site burning of rice residues, (3) I = incorporation of rice residues 
into the soil, and (4) CT = control. The CT plots received only NPK but no rice residues. 
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All treatments, both in summer and spring rice seasons, received the same amounts of 
chemical fertilizers of 105-120 kg N; 26 kg P; 50-75 kg K per ha, respectively. The chemical 
fertilizers were applied three times during crop growth. Basal fertilization (100% P, 30% N 
and 30% K) was applied before transplanting, and the rest of the N and K was given in two 
applications, on the 18-22nd DAT (40% N, 30% K) and 40-50th DAT (30% N, 40% K).   The 
full amounts of rice residue compost, rice residues and ash were applied as basal fertilization 
before transplanting.  The C and N contents of these organic materials are shown in Table 
5.1. 
Table 5.1 Mean C and N contents of organic mat applied to spring and summer rice 
 Spring rice Summer rice 
CR B I CR B I 
Total C (g kg -1) 332.48 10.00 360.15 342.96 11.02 380.01 
Total N    (g kg -1) 18.70 0.60 7.97 17.80 0.70 9.17 
C:N ratio 18 17 45 19 16 41 
 
 
5.2.3 Gas sampling and analysis 
We took GHG samples on 32 dates over two rice-growing seasons, from February 
24, 2017 to September 20, 2017. In total, 3072 GHG samples were taken from spring rice 
and summer rice plots. The fluxes of GHGs were determined using the static flux chamber 
technique and gas chromatography, following the recommendations of [38] and [39]. Each 
opaque chamber consisted of a base unit (45 cm length x 40 cm width x 45 cm height, open 
bottom) and a removable top chamber. The removable top chamber (45 cm length x 40 cm 
width x 90 cm height) covered six rice mounds, whereby the plant density inside the 
chamber was the same as outside the chamber, with a spacing of 20 cm x 15 cm and 3-4 
seedling per mound (333,333 mounds ha-1). Water was used to seal the PlexiglasTM top to 
the base unit during gas sampling. The removable top was equipped with two small fans to 
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mix the chamber air, and a thermometer to measure the temperature during gas sampling 
[40]. Pressure was kept equal inside and outside the chamber through a connecting plastic 
tube ( 7.6 m long and 1.5 mm in diameter)  [41]. Removable wooden boardwalks were set 
up at the beginning of the rice-growing season to avoid soil disturbance during gas sampling. 
The gas sampling syringes (60 ml) were flushed four to six times with chamber air before 
the gas samples were collected. The gas samples were collected immediately after closing 
the chamber (T0), after 20 min (T1), 40 min (T2) and 60 min (T3). The gas samples were 
immediately injected into evacuated 12 ml vials closed with butyl rubber septa (Exetainer® 
vials, UK). They were shipped to Georg-August University of Göttingen, Germany, for 
analysis. 
The concentrations of CH4 and N2O were measured by a gas chromatograph (GC 
14B, Shimadzu, Japan) equipped with an electron capture detector (ECD for N2O) and a 
flame ionization detector (FID for CH4) according to [42]. The gas fluxes were calculated 
using the following equation by Smith [43] : 
𝐹 = (
ΔC
Δ𝑡
) ∗ (
v
A
) (
M
V
) ∗ (
P
Po
) ∗ (
273
T
) (1) 
where F = gas flux, ∆C = change in the concentration of the gas of interest over the time 
interval ∆t, v = chamber volume (liters), A = soil surface area (m2), M = molecular mass (g 
mol-1) of the gas of interest, V = volume (liters) occupied by 1 mol of the gas at standard 
temperature and pressure, P = barometric pressure (mbar), Po = standard pressure (mbar), 
and T = average temperature inside the chamber during the deployment time (K). 
The cumulative CH4 and N2O emissions were calculated for each season using the linear 
trapezoid formula [40].  
𝐴𝑡(𝑎𝑏) = (𝑡𝑏 − 𝑡𝑎) ∗
(𝐹𝑡𝑎−𝐹𝑡𝑏)
2
 (2) 
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where 𝐴𝑡(𝑎𝑏) = cumulative emission of the gas of interest between two subsequent sampling 
dates 𝑡𝑎  and 𝑡𝑏 ; 𝑡𝑎, 𝑡𝑏  = two subsequent sampling dates; 𝐹𝑡𝑎 , 𝐹𝑡𝑏  = fluxes of the gas of 
interest at the sampling dates 𝑡𝑎,𝑡𝑏, respectively. Cumulative CH4 and N2O emissions were 
calculated as ∑  𝐴𝑡(𝑎𝑏). 
The global warming potential (GWP) was calculated over a 100 years timespan, 
whereby  CH4 and N2O emissions were converted to CO2 equivalents by multiplying CH4 
emissions by the factor 34 and N2O emissions by the factor 310 [44]. 
GWP and greenhouse gas intensity (GHGI) are important factors to consider when 
assessing CH4 and N2O mitigation options [45]. The following equation was used to 
calculate the GHGI, i.e., the GWP per unit of rice grain yield, for each of the treatments: 
GHGI =
GWP
Rice grain yield 
 
5.2.4 Determination of rice grain yield and amounts of rice residues 
Rice grain yields and amounts of rice residues were determined at the end of each 
season by harvesting the 24 plots. The grains were threshed from the harvested rice plants, 
and the fresh weight of the grains and the rice residues was determined. The rice residue 
samples were dried in the sun. 300 g of fresh grains and straw of each sample were oven-
dried at 60 °C to constant weight to transform all results to oven-dry material. 
5.2.5 Production and application of rice-residue compost (RC) 
According to the usual farmers’ practice in the region, the rice residues were chopped 
into pieces of 4-6 cm length. Solid pig manure (40 Vol. %) and rice residues (60 Vol. %) 
were mixed. The homogenized mixture was kept in a pit for two months to decompose with 
no further mixing or aeration. After two months, the RC was collected from the pit, again 
thoroughly mixed and applied to the rice plots. 
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RC of the rice residues of the previous harvest were applied to the following crop as basal 
fertilization before transplanting. Hence, the rice residues were collected before the spring 
and summer rice-growing seasons. For the on-site burning treatment, the rice residues were 
burned on the respective plot and then applied. In the I treatment, all plant residues that 
were left after threshing were incorporated into the soil. 
5.2.6 Soil and straw sampling and analysis 
Table 5.2. Properties of soils under conventional continuous flooding (CCF) and alternate 
wetting and drying (AWD) with four treatments: CR = application of composted rice 
residues, B = on-site burning of rice residues, I = direct incorporation of rice residues into 
the soil, CT = control (all treatments including equal NPK fertilization). Data represent the 
mean of three replicates. Superscript letters indicate significant differences (p < 0.05) 
between treatments. 
 CCF AWD 
 CR B I CT CR B I CT 
pH(KCL) 5.23 5.14 5.17 5.16 5.30 5.29 5.12 5.29 
pH(H2O) 4.72 4.63 4.64 4.61 4.76 4.78 4.60 4.77 
Bulk density (g cm-3) 1.38 1.37 1.36 1.41 1.40 1.37 1.38 1.43 
CEC (cmolc kg-1) 4.59 5.12 4.66 4.99 5.17 5.23 4.55 5.65 
SOC (g kg-1) 0.96a 0.78ab 0.90ab 0.90ab 0.88ab 0.74b 0.87ab 0.79ab 
Total N (g kg-1) 0.08 0.08 0.08 0.07 0.08 0.08 0.08 0.10 
Total P (g kg-1) 0.53 0.53 0.50 0.55 0.57 0.55 0.51 0.58 
Total K (g kg-1) 0.19 0.17 0.17 0.14 0.14 0.17 0.14 0.19 
Available P (mg kg−1 
soil) 
25.93 30.78 27.60 31.62 34.72 34.32 31.12 34.48 
Available K (mg kg−1 
soil) 
1.54ab 4.07a 2.11ab 1.03b 2.77ab 3.66ab 1.82ab 1.70ab 
 
Three random soil samples were taken from each plot at 0–20 cm depth with a soil 
corer (100 cm length, 2.5 cm diameter). The three samples were mixed to obtain one 
composite sample for each plot. Total SOC, total N, total P and total K contents in soil, 
straw, manure and ash were analyzed. SOC contents were determined by the Walkey-Black 
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method (ISO-22003: 2008), and total N contents were analyzed by semi-micro Kjeldahl 
analysis (ISO 11261: 1995). Total contents of P and K were analyzed after digestion with 
H2SO4 + HNO3 (1:1, v:v), whereby P contents were determined colorimetrically, and K 
contents were determined by use of a photoelectric flame photometer (Corning 410-UK). 
Furthermore, the soil samples were analyzed for pH (KCl and H2O), bulk density, and CEC. 
Soil pH was measured at a soil: solution ratio of 1:5, using a pH electrode (ISO 10390: 
2005). Plant-available P was extracted by the Bray 2 method and analyzed colorimetrically 
by use of the vanadomolybdophosphoric acid colorimetric method. Cation exchange 
capacity (CEC) was determined using ammonium acetate at pH 7. Soil physical and 
chemical properties are listed in Table 5.2. 
5.2.7 Statistical analysis 
Statistical analysis of the data was performed in STATISTICA 13.3 (TIBCO Software 
Inc., California, and USA). Normality and homogeneity of variance were checked in 
groups using Shapiro-Wilk’s W test and Levene’s test, respectively. Following this step, 
the significance of differences between the four rice residue management treatments (CR, 
B, I, CT) and two water management techniques (CCF, AWD) was tested by two-way 
ANOVA, with subsequent multiple comparisons by the Turkey HSD test where p values 
<0.05 indicated significance. 
 
5.3 Results 
5.3.1 Methane emissions 
The CH4 emissions from the rice plots under the different treatments are shown in 
Fig. 5.2 for spring rice and in Fig. 5.3 for summer rice. In the spring season, CH4 emissions 
were low during the first 15 DAT in all treatments and then increased (Fig 5.2). On the 54th 
DAT, the emissions dropped considerably for all treatments but again increased a week 
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later, peaking on the 72nd DAT (end of the heading stage). Emissions from the AWD plots 
(dashed curves in Fig. 5.2) tended to be lower than those from the CCF plots (solid curves 
in Fig. 5.2). In the summer season, emissions generally tended to be higher than in the spring 
season (note different scales of y-axes). The I and CR treatments under both water 
management types showed higher initial CH4 emissions compared to the other treatments. 
Both I treatments exhibited absolute peak emissions on the 19th DAT, whereby the I 
treatment under CCF water management showed the highest CH4 emission of 31.4 mg m-2 
h-1 of the whole study on that day. On the 41st DAT, the fluxes dropped considerably for all 
treatments, reaching an absolute summer minimum on the 48th DAT, but increasing again 
thereafter (Fig. 5.3). 
Cumulative CH4 emissions were higher in the summer rice season than in the spring 
rice season (Table 5.3). They were also significantly higher (p < 0.05) for CCF than for 
AWD water management in both the spring and summer seasons (Table 5.3). Under CCF 
water management, cumulative CH4 emissions increased by 33-55%, 8-17%, and 35-160% 
for CR, B, and I treatments, compared to the control (for both spring and summer seasons). 
Under AWD water management, the increases in CH4 emissions with respect to the control 
were 31-56%, 7%, and 31-65% for CR, B, and I, respectively. Cumulative CH4 emissions 
were highest for the I treatment under CCF system, while the B treatment without organic 
amendments showed the lowest CH4 emissions under the AWD water management system 
in both seasons. Significantly higher CH4 emissions were observed for the I and CR 
treatments compared to the control (CT) and for the B treatment under the AWD system in 
both seasons. Comparison of the same treatments for both water management systems and 
both seasons showed that CH4 emissions for the plots with organic amendment (I and CR 
treatments) were lower for AWD than for CCF in both rice seasons. CH4 emissions of the I 
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treatments were 36-45% lower (p < 0.05) and those of the CR treatments were 15-42% 
lower (p < 0.05) for AWD than for CCF, except for the CR treatment in the summer season.  
Table 5.3 Cumulative CH4 and N2O emissions in spring and summer rice-growing seasons 
under different rice residue management with NPK fertilization = 120 (105) kg N + 26 kg 
P + 75 kg (50) K per hectare. CR = application of composted rice residues, B = on-site 
burning of rice residues, I = direct incorporation of rice residues into the soil. CCF = 
conventional continuous flooding, AWD = alternating wetting and drying. Data are the 
means of three replicates (± standard deviation).  
Letters reflect significant differences (p < 0.05). 
 Spring rice-growing season Summer rice-growing season 
CH4 (kg ha-1) N2O (kg ha-1) CH4 (kg ha-1) N2O (kg ha-1) 
 
 
CCF 
 
CR 138.20 (6.47)a 0.61 (0.29)a 170.38 (6.67)bc 0.55 (0.13)a 
B 112.24 (2.28)b 0.46 (0.21)a 128.79 (2.04)cde 0.37 (0.06)a 
I 140.50 (8.03)a 0.56 (0.32)a 286.43 (3.01)a 0.65 (0.23)a 
CT 103.70 (4.50)b 0.37 (0.25)a 110.01 (17.98)cd 0.62 (0.50)a 
 
 
AWD 
CR 79.88 (9.85)c 1.21 (0.56)a 144.67 (12.13)cd 0.47 (0.24)a 
B 59.25 (8.44)d 0.79 (0.09)a 93.79 (14.41)e 0.38 (0.04)a 
I 77.95 (1.16)cd 0.95 (0.25)a 184.11 (33.22)b 0.42 (0.30)a 
CT 61.17 (7.44)cd 0.82 (0.45)a 87.70 (7.61)e 0.36 (0.24)a 
Water management 
effect 
AWD 69.56 (11.72)b 0.92 (0.36)a 127.57 (44.41)b 0.54 (0.20)a 
CCF 123.66 (17.41)a 0.50 (0.25)b 173.90 (72.07)a 0.41 (0.16)a 
Seasonal effect   96.61 (31.21)b 0.71 (0.37)a 150.73 (63.15)a 0.48 (0.19)b 
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Fig. 5.2 Mean CH4 emissions in the spring rice season as affected by water and rice 
residue management. NPK fertilization for all plots = 120 kg N + 26 kg P + 75 kg K per 
hectare. CR = application of composted rice residues, B = on-site burning of rice residues, 
I = direct incorporation of rice residues into the soil.   
 
Fig. 5.3 Mean CH4 emissions in the summer rice season as affected by water and rice 
residue management. NPK fertilization for all plots = 105 kg N + 26 kg P + 50 kg K per 
hectare. AWD = alternating wetting and drying, CCF = conventional continuous flooding. 
CT = control, CR = application of composted rice residues, B = on-site burning of rice 
residues, I = direct incorporation of rice residues into the soil. 
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5.3.2 Nitrous oxide emissions 
  Cumulative N2O emissions were significantly higher in the spring rice season than 
in the summer rice season (Table 5.3). N2O emissions in summer rice were very variable, 
with two peaks after the two mineral fertilizer applications, on the 19th and 39-48th DAT 
(data not shown). N2O emissions in summer rice were less than 2 mg per day most of the 
time; clear peaks of N2O emission occurred after mineral fertilizer applications on the 24th 
and 51st DAT (data not shown). In both seasons, N2O emissions were not significantly (p > 
0.05) different for different rice residue management (Table 5.3). Significantly higher N2O 
emissions were observed for all treatments under AWD water management compared to the 
respective treatments under CCF management. Especially in summer rice, the peaks of N2O 
emission after application of mineral fertilizers were much higher under AWD management 
than under CCF management (data not shown).  
 
  
 
5.3.3 Rice yield, global warming potential (GWP) and greenhouse gas intensity (GHGI)  
The rice grain yield in the spring rice season was higher than in the summer rice 
season (Table 5.4). It was not significantly different between the two water management 
techniques. In summer rice, the rice grain yields with the treatments CR, B, and I were 
significantly higher than those of the control plots (CT), irrespective of the water 
management system.  
GWP in the spring season was significantly lower than in the summer season (Table 
5.4). The GWP in spring was higher under CCF than under AWD water management (Table 
5.4). Within each water management system, there was no significant difference in GWP 
(p > 0.05) between B treatment and the control CT. GWP was significantly higher (p < 0.05) 
for the I treatments compared to the control CT, for both water management systems and 
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both seasons. Under AWD water management, the GWPs with I treatment were 40% 
(spring) and 35% (summer) lower than under CCF water management. These results 
suggest that it should be possible to significantly reduce GWP by using the AWD technique.  
Table. 5.4 Grain yield, global warming potential (GWP), and greenhouse gas intensity 
(GHGI) in spring and summer rice under conventional continuous flooding (CCF) and 
alternate wetting and drying (AWD) with four rice residue treatments; NPK = 120 (105) 
kg N + 26 kg P + 75 (50) kg K per hectare, CR = application of composted rice residues, 
B = on-site burning of rice residues, I = direct incorporation of rice residues into the soil. 
Values represent the mean of three replicates (± standard deviation). The letters indicate 
significant differences (p < 0.05). 
  Spring season Summer season 
Rice yield  
(kg ha-1) 
GWP  
(kg CO2-eq ha-1) 
GHGI  
(kg CO2-eq  
per kg yield) 
Rice yield  
(kg ha-1) 
GWP  
(kg CO2-eq ha-1) 
GHGI  
(kg CO2-eq  
per kg yield) 
 
 
CCF 
CR 5778 (241)ab 4886 (150)a 0.85 (0.01)a 4453 (190)a 5960 (593)bc 1.33 (0.08)bc 
B 5868 (81)ab 3959 (143)b 0.68 (0.03)b 4521 (335)a 4522 (528)bc 1.00 (0.19)dc 
I 5714 (324)ab 4949 (345)a 0.87 (0.10)a 4239 (141)a 10000 (2378)a 2.33 (0.64)a 
CT 5443 (82)b 3641 (75)b 0.67 (0.01)b 3721 (257)bc 3853 (632)bc 1.05 (0.24)dc 
 
 
AWD 
CR 5893 (38)ab 2969 (360)c 0.50 (0.06)c 4578 (111)a 5088 (435)bc 1.11 (0.08)bcd 
B 5944 (120)a 2362 (305)c 0.40 (0.05)c 4483 (239)a 3303 (506)c 0.74 (0.12)d 
I 5687 (158)ab 2946 (117)c 0.52 (0.02)c 4356 (117)a 6460 (1104)b 1.48 (0.22)b 
CT 5450 (156)b 2333 (137)c 0.42 (0.01)c 3614 (303)b 3173 (248)c 0.88 (0.14)d 
WME 
AWD 5744 (231)a 2650 (383)b 0.46 (0.06)b 4258 (435)a 4506 (1525)b 1.05 (0.32)b 
CCF 5701 (244)a 4359 (621)a 0.76 (0.11)a 4234 (387)a 6084 (2725)a 1.43 (0.57)a 
Seasonal effect 5722 (233)
a 3505 (1008)b 0.61 (0.18)b 4246 (403)b 5295 (2305)a 1.24 (0.49)a 
WME = water management effect 
   GHGI was lower in spring rice than in summer rice (Table 5.4). In both seasons, 
GHGIs under CCF management for the different treatments were 1.2-1.7 times higher than 
for the same treatments under AWD management. Overall, GHGI was significantly lower 
under AWD compared to CCF water management in both seasons. The I treatment under 
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CCF water management showed the highest GHGI, whereas the control CT and the B 
treatment under AWD water management had the lowest GHGIs. Under AWD water 
management, the GHGI with I treatment was reduced by 40% (spring) and 36% (summer) 
compared to the I treatment under CCF water management. There was no significant 
difference in GHGI between the control (CT) and the B treatment under both water 
management systems and in both seasons. Under both water management systems, the I 
treatment resulted in the highest GHGI, followed by CR treatment, the control CT and the 
B treatment. 
5.4 Discussion 
5.4.1 Effect of rice residue management on CH4 and N2O emissions 
The effect of organic matter application on CH4 emissions generally depends on the 
amount and type of the organic matter applied and on the formation of soil organic matter 
during flooding [6]. In this study, CH4 emissions rose with increasing input of organic 
matter under both water management systems and in both seasons (Tables 5.1 and 5.3). 
Direct incorporation of rice residues into the soil (I treatment) and application of composted 
rice residues (CR treatment) both led to higher CH4 emissions compared to the control plots 
(CT) (Table 5.3), because the input of organic matter stimulated the activity of 
methanogenic microbes [52, 53]. CH4 emissions with burning of rice residues were lower 
than with incorporation of unburnt rice residues, because the charred rice residues did no 
longer provide an available carbon source for CH4 emissions [46]. In the summer season, 
direct incorporation of rice residues into the soil (I treatment) led to significantly higher 
cumulative CH4 emissions than application of composted rice residues (CR treatment) under 
both water management systems. This effect may be related to the decrease in the C/N ratio 
of rice residues during the composting process, from 41-45 (I treatment) to 18-19 (CR 
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treatment). This likely resulted in a lower remaining carbon availability, which in turn 
reduced CH4 emissions [14, 47]. 
The higher CH4 emissions in summer compared to spring were presumably due to 
the higher summer temperature. Overall, average CH4 emissions for all treatments were 97 
kg ha-1 crop-1 in spring and 151 kg ha-1 crop-1 in summer, with corresponding mean 
temperatures of 27°C and 36°C, respectively (Table 5.3). An influence of soil temperature 
on CH4 emissions is to be expected, as most methanogenic bacteria are mesophilic, having 
a temperature optimum of 30-40 °C [48]. Furthermore, higher temperatures in summer also 
enhance soil organic matter decomposition and respiration rates, thus oxygen consumption, 
resulting in a further oxygen depletion, leading in turn to an increase of CH4 emissions [49, 
50]. 
The effects of the application of rice residues and composted rice residues on N2O 
emissions reported in the literature are inconsistent. A number of studies demonstrated that 
N2O emissions from soils to which rice residues were applied were not significantly higher 
than those from control plots [40, 49]. However, Pandey [47] found that application of 
organic matter increased N2O emissions under AWD water management. In our study, 
organic matter application had no significant effect on N2O emissions (Table 5.3). Increased 
N2O emissions are commonly observed after nitrogen mineral fertilizer application due to 
easily available nitrogen, enhancing microbial turnover [50]. In this study, high N2O 
emissions occurred immediately after the application of mineral fertilizer, too (data not 
shown). The high N2O emissions lasted only for a short time, probably because after a few 
days, most of the applied NO3- was either taken up by plants or denitrified [40]. Total N2O 
emissions in our study were lower than in other studies [51, 54]. However, Abao [55] 
observed similarly low N2O emissions after mineral fertilizer application. Also Bronson  
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rarely detected any N2O emissions during the rice-growing season, except immediately after 
fertilization [56].  
5.4.2 Effect of water management on CH4 and N2O emissions 
We compared CH4 emissions under two different water management systems, CCF 
and AWD. Compared to the CCF management, the AWD management reduced CH4 
emissions by 15-42% with CR treatment, by 27-47% with B treatment, and by 36-45% with 
I treatment, in both spring and summer seasons (Table 5.3). This reduction in CH4 emissions 
can be explained by soil aeration during the dry phases under AWD management. These 
dry phases allowed for rapid oxidation of rice-straw carbon, which led to the observed 
reduction in CH4 emissions, also in the plots with rice residue incorporation and rice-residue 
compost application. Aeration also increases decomposition of labile organic matter and 
thus reduces CH4 emissions. Soil aeration increases soil Eh, which directly affects the 
activity of methanogenic microbes and facilitates CH4 oxidation by methanotrophic 
organisms [40, 51, 52]. The reduction of CH4 emission by modified water management in 
rice cultivation observed in our study is in line with previous field studies [40, 47, 49]. We 
conclude that the AWD management in paddy rice is suitable for mitigation of CH4 
emissions resulting from humus- and nutrient-conserving rice-residue management 
practices. 
In the spring season, AWD water management significantly (p < 0.05) increased 
N2O emissions to 0.92 kg ha-1, compared to 0.50 kg ha-1 under CCF management; in the 
summer season, this effect was not significant (Table 5.3). CCF management involved 
lower N2O emissions, because in wet soil reducing conditions generally lead to enhanced 
emissions of N2 instead of N2O [53], whereas in well-aerated soil N2O is the most common 
gas emitted from the soil. The AWD management created partially anaerobic conditions in 
the soil, favoring the simultaneous occurrence of nitrification and denitrification [51]. 
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Consequently, considerable amounts of N2O were produced and could escape through the 
empty soil pores before the next flooding phase shifted the process balance again towards 
further reduction to N2 [54]. 
5.4.3 Effect of rice-residue management on rice-grain yield  
The observed higher rice yields under the CR, B, and I treatments, compared to the 
control plots (CT) (Table 5.4), are most likely due to the input of organic matter and 
nutrients to the soil that resulted from effective rice-residue management. The nutrients that 
were returned to the soils through the CR and I treatments amounted to 665 kg C (CR) / 
1589 kg C (I), 38 kg N (CR) / 40 kg N (I), 17 kg P (CR) / 8 kg P (I), and 25 kg K (CR) / 42 
kg K (I) per hectare, respectively. Hoang [23] and Tran [25] also found significant effects 
of various rice-residue management practices on rice-grain yields. Burning of rice residues 
(B) delivered 35 kg of K to the soil. Thus, on K-deficient soils, straw ash is used as a 
substitute for K fertilizer [57]. Also in our study, the plots with B treatment showed the 
highest amounts of plant-available K (Table 5.2). 
5.4.4 Opportunity to reduce global warming potential (GWP) and greenhouse gas intensity 
(GHGI) 
We estimated GWP of CH4 and N2O emissions over a 100-year timescale in order 
to evaluate the effects of various rice-residue management techniques under different water 
management. GWP in summer rice was higher than in spring rice in both water management 
systems (Table 5.4). The contribution of CH4 to GWP greatly exceeded that of N2O, with 
the share of CH4 being more than 93%. Linquist [58] and Tariq [49] also found only minor 
contribution of N2O in their paddy rice experiment. The AWD management resulted in a 
GWP reduction of 18-36% (CT), 15-39% (CR), 27-40% (B), and 35-40% (I), compared to 
the same treatments under CCF management. This considerable reduction is due to the 
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significantly lower CH4 emissions during both seasons under AWD management. A similar 
finding was reported by Linquist [58]. We conclude that the AWD management has a great 
potential to reduce GWP from rice production. 
              Traditionally, Vietnamese farmers have been applying organic fertilizers for a long 
time, as organic fertilizers ensure long-term benefits by maintaining soil fertility and 
reducing production costs relative to costly mineral fertilizers [59, 60]. In the present study, 
application of composted rice residues increased rice yields in both CCF and AWD systems. 
The CR treatment showed no significant reduction in GWP relative to the I treatment under 
AWD water management in both seasons (Table 5.4). The application of compost and 
manure fertilizers is generally decreasing in Vietnam. While farmers would be in favor of 
applying more organic fertilizers, especially to rice, maize, and peanuts, the amounts of 
organic fertilizers produced on their own farms are not enough to supply their fields [27, 
61]. This decline is related to (1) a decrease in the availability of manure from pig farms, 
because most of the pig manure in northern Vietnam is nowadays used for biogas production, 
(2) insufficient knowledge of farmers about the management of manure in an efficient and 
at the same time environmentally sustainable way [29, 60] and (3) the availability of 
chemical fertilizers that seem to provide an easy substitution of manure [28]. Hence, 
incorporating rice residues directly into the soil may serve as a potential substitute for 
organic fertilizer [25, 26].  
The I treatments added large amounts of degradable organic matter and significantly 
increased CH4 emissions but did not result in the highest rice grain yield (Table 5.4). They 
showed a higher GWP compared to the B treatments in both water management systems 
and seasons. However, the practice of burning rice residues does not only remove nutrients 
but also causes environmental pollution [16, 22, 27, 57]. For instance, burning one ton of 
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rice straw releases 3 kg of particulate matter, 60 kg of CO, 1460 kg of CO2, 2 kg of SO2, 
and 199 kg of ash [17]. In our study, the average amount of rice residues was 4.3-5.7 t ha-1 
per cropping season. Thus, burning rice residues on the entire study area alone would release 
6.3-8.3 tons of CO2. Therefore, the B treatments not only generated GWP during the 
cultivation but also when the rice residues were burned on the field. When combining the 
GWPs of cultivation and burning, the CO2 released from soil with B treatment would clearly 
exceed the CO2 released from the decomposition of incorporated rice residue (I treatment), 
which is relevant in the context of greenhouse gas balances of the various rice cultivation 
systems. Hence, a combination of direct incorporation of rice residues into the soil with 
additional mineral fertilizer application provides a potential win-win situation for both rice 
growers and the environment. 
The higher GHGI in summer rice compared to spring rice was related to very high 
CH4 emissions in the summer season. The GHGI was significantly lower for the AWD 
regime compared to the CCF regime (Table 5.4). The AWD regime has gained increasing 
attention as a mean of reducing CH4 emissions from paddy rice [33, 39, 62]. However, 
continuous flooding throughout the growing season is still a common practice in Vietnam 
[63]. AWD management decreased GHGI by about 17-41% (for CR), 26-41% (for B), and 
36-40% (for I), compared to CCF water management, without significantly affecting rice 
yields. Tariq  [49] also reported a more 40% reduction in GHGI by AWD management, 
because of lower CH4 emissions and GWP. Hence, AWD management in paddy rice in 
Vietnam represents a feasible mitigation option to reduce GHG emissions while 
maintaining rice yield. 
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5.5 Conclusions 
The potential of various rice-residue management options along with improved 
water management were tested for their potential to mitigate emissions of GHGs (CH4 and 
N2O). The results showed that the combination of optimized water and rice-residue 
management may reduce CH4 emissions and at the same time maintain soil fertility. 
Compared to conventional continuous flooding (CCF), alternate wetting drying (AWD) 
water management reduced CH4 emissions by 36-45% in the case of incorporation of rice 
residues, and by 15-42% with application of composted rice-residues. The application of 
rice residues with NPK fertilization yielded the highest CH4 emissions, while the 
application of NPK alone (control) yielded the lowest CH4 emissions in both seasons and 
both water management systems. Nitrous oxide emissions were generally below the 
detection limit during the experimental period, except immediately after fertilizer 
application. Global warming potentials were lower for the AWD than for the CCF water 
management. The AWD management resulted in a reduction of GWP by 18-36% (for CT), 
15-39% (for CR), 27-40% (for B), and 35-40% (for I) compared to the CCF management. 
Rice yields were slightly higher in the treatments with a combination of organic and mineral 
NPK fertilizer, compared to mineral fertilizers alone. Direct incorporation of rice residues 
into the soil may reduce CO2 emissions by 6.3-8.3 tons ha-1 a-1, compared to burning 4.3-
5.7 t rice residues per hectare. Thus, in addition to reducing GWP through AWD water 
management, we recommend that farmers incorporate rice residues into the soil instead of 
burning them, and also apply mineral fertilizer to compensate for nutrient export through 
the rice-grain harvest. This combination of management practices offers potential economic 
and environmental benefits, as it mitigates the overall GWP while increasing rice yields. 
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Chapter 6 
6.1 Conclusions 
(i) Among various rice residue management options, 27-38 % of the total rice 
residues on smallholder rice farms in Yen Dong Commune (Nam Dinh Province) and Luong 
Phong Commune (Bac Giang Province), respectively, are burned on the field. In contrast, 
100 % of the rice residues are fed to animals in Che Cu Nha Commune (Yen Bai Province). 
(ii) Rice residues represent a valuable source of plant nutrients for crop production; 
however, at present many farmers are disposing the rice residue as a waste, not utilizing this 
nutrient resource. Proper use and management requires more knowledge and skills than is 
currently available to most farmers in Vietnam. 
(iii) The communities in Yen Dong Commune (Nam Dinh Province) and Luong 
Phong Commune (Bac Giang Province) recognized that the burning of rice residues 
generated available nutrients for the next crop season. They are also aware of the negative 
impacts of burning rice residues on human health and the environment. 
(iv) My cost-benefit analysis showed that the incorporation of rice residues leads to 
extra costs of 50.8 US$ per ha in Yen Dong Commune (Nam Dinh Province) and 22.0 US$ 
per ha in Luong Phong Commune (Bac Giang Province). Thus, burning rice residues might 
be an erroneous trend from an ecological perspective, but it is rational from an economic 
point of view. 
(v) In due consideration of the limited availability of manure and labor force, we 
recommend to incorporate rice residues into the soils. This management technique is not 
very labor-intensive, and it has multiple benefits, as it returns nutrients to the soils, thus 
allowing for reducing the use of chemical fertilizers, and it adds organic matter to the soils, 
thus potentially increasing SOC contents. 
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(vi) Nutrient inputs need to be better adapted to the crop needs, as demonstrated by 
the unbalanced nutrient budgets of all investigated crop-residue management systems, 
whereby burning of rice residues, application of rice residue compost, and incorporation of 
rice residues into the soil resulted in nutrient accumulation, and collecting all rice residues 
for feeding cattle resulted in nutrient depletion. Knowledge about (1) soil nutrient contents 
prior to planting, (2) expected harvest and corresponding nutrient uptake by plants, (3) 
nutrient concentration in the rice residues and nutrient balances resulting from the different 
rice-residue management practices, may help to optimize the fertilization practices to obtain 
high yields from paddy-rice fields without risking eutrophication of adjacent water bodies. 
(vii) All three rice-residue management practices (incorporation, burning, and 
compost) had similar effects on Si plant-availability. This study found a close correlation 
between the most readily plant-available Si fractions in soils (sum of mobile Si and adsorbed 
Si) and Si contents in rice straw.  
(viii) The combination of optimized water management and rice residue 
management reduced CH4 emissions. Combining incorporation of rice residues with 
alternate wetting and drying water management reduced CH4 emissions and global warming 
potentials. Furthermore, incorporation of rice residues into the soil would reduce CO2 
emissions by 6.3-8.3 tons a-1 ha-1 through not burning 4.3-5.7 tons of rice residues per 
hectare. Thus, I recommend that farmers should incorporate rice residues into the soil 
instead of burning rice residues on the field. There are potential economic and 
environmental benefits of rice residue incorporation in combination with chemical 
fertilizers and optimized water management. This study suggests that application of 
chemical fertilizer (N, P, and K) and incorporation of rice residues into the soil under 
alternative wetting and drying water management is an effective option for mitigating the 
overall GWP, while obtaining higher yields. 
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(ix) The proposed combination of incorporation of rice residues and alternate wetting 
and drying water management improved the incomes of famers by reducing fertilizer costs 
and in addition reduced water consumption. It is thus an appropriate option for making rice 
farming in Vietnam more sustainable. I see the greatest potential to shift from burning crop 
residues to incorporating them into the soil in Vietnam’s lowlands, where rice cropping 
contributes the major share to farmers’ livelihoods. In hilly areas, I also see some potential 
for a transition. In contrast, in mountainous regions, I see no potential for such 
transformation, since all rice residues are already entirely used in an environment-friendly 
way as fodder for cattle.   
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6.2 Outlook for future research 
From the results of this study, I conclude that rice residue management on 
smallholder rice farms in northern Vietnam needs to be improved. For this purpose, it is 
necessary to establish an effective extension service on rice residue treatment in each village. 
The service network staff will act as consultants for farmers and be responsible for 
transferring the knowledge about rice residue management.  
For crop residue management, the government must legislate a law that prohibits the 
burning of rice residues. Crop residues should be incorporated into soil for sustainable crop 
production. So far, the percentage of farmers who incorporate crop residues into soil is low, 
mainly because this practice is more time and labor consuming than burning crop residues 
on the field, and it is costly to afford such extra work on smallholder rice farms. A potential 
solution to this problem could be that the state may subsidize the mechanization of the 
agricultural sector and make tractors available to farmers at lower prices. Such support 
would make the incorporation of rice residues into the soil more attractive, since the 
involved costs would decrease through the mechanization of this work. 
A policy or regulation in this direction needs to be established and strictly monitored 
by the local community. Efforts to enhance the farmers’ awareness of environmental issues 
related to different agricultural practices should be undertaken, especially addressing the 
young generation. 
In this context, there is also the need for testing whether farmers apply more 
pesticides when not burning crop residues. 
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Furthermore, from our field experiment and case field study in Bac Giang Province, 
we found that phosphorus content in the soil had increased markedly compared to in the 
past. Therefore, more research on phosphorus (e.g. appropriately to avoid P overload in soil, 
surface and groundwater bodies, Cadmium contamination…) is needs to be studied to apply 
in a smallholder rice farm. 
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